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Abstract
Sex is widespread throughout the animal kingdom and has undoubtedly played a crucial role
in shaping the exceptional diversity of life on Earth. This must be particularly true in the insects,
which are the most diverse group of animals and exhibit an astounding array of sexual
adaptations. Despite this, sexual behaviour has been studied in less than 1% of species, and our
understanding of the role that sexual selection has played in insect speciation is limited.

The blowflies (Diptera: Calliphoridae) are some of the most commonly encountered insects,
and like many insect taxa, almost nothing is known of their mating behavior. Several species
show sexual dimorphisms in eye morphology, so it has been assumed that visual cues such as
movement are the primary means by which blowflies recognise mates. However, there is
limited evidence to support this. In addition, although chemical cues are almost universally
important in insect communication, their role in blowflies has been overlooked. As such, our
current understanding of blowfly sexual signaling is superficial, and the extent to which sexual
selection has contributed to the evolution of blowflies is entirely unclear.

To deepen our understanding of how sexual selection has shaped blowfly diversity, this thesis
aims to identify some of the sexual signals that may facilitate mate recognition in blowflies.
Using the ecologically diverse blowfly genus Chrysomya, I focus on two traits that are
widespread in insects and commonly involved in sexual communication: cuticular
hydrocarbons (CHCs) and wing interference patterns (WIPs). I aim to highlight how these traits
vary between species, sexes, and life stages, with the broader goal of elucidating their potential
to act as signals of mate-compatibility in blowflies.

First, I use the widespread Australian species Chrysomya varipes to assess whether CHCs are
sex-specific signals and facilitate sexual attraction (Chapter 2). Using the same species, I also
explore whether CHCs change over the life span of blowflies and function as signals of sexual
maturity (Chapter 3). I then use Australian representatives of the genus Chrysomya to examine
the evolutionary patterns of CHC and WIP diversification in the context of sexual selection
(Chapters 4 and 5). Finally, I provide a detailed documentation of the mating behaviour of
Chrysomya flavifrons in order to highlight how these traits may function in a multimodal
context (Chapter 6).

i

Overall, I demonstrate that both CHCs and WIPs are sexually dimorphic in several species, and
have diverged rapidly between species, suggesting that they have likely played key roles as
signals of mate-compatibility in many blowfly species. I then highlight that CHCs are sexspecific and may act as key signals of sexual maturity in Ch. varipes. Lastly, in documenting
the complex male courtship display of Chrysomya flavifrons, I demonstrate that blowfly mating
behaviour is highly variable, and that blowflies produce and receive a complex suite of
multimodal signals during mating. Taken together, these findings 1) highlight the diversity of
sexual signaling in Chrysomya blowflies, 2) highlight the key role sexual selection has likely
played in blowfly diversification, and 3) advance the notion that multimodal signalling is
widespread among insects.
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Chapter 1. General introduction
1.1 Sex, signals, and selection
Sexual reproduction is widespread in the animal kingdom, with roughly 99.9% of animal
species reproducing sexually (Otto 2009). Without question, sex has led to a spectacular
diversity of evolutionary innovations, from the courtship displays of birds of paradise (Irestedt
et al. 2009), to the colourful opisthosomal flaps of peacock spiders (Girard et al. 2011). These
elaborate traits have evolved because in most sexual encounters, individuals require
information to enable them to choose a mate that that will maximise their own reproductive
output or survival (direct fitness) or that of their offspring (indirect fitness) (Pfennig 1998).
Communication between individuals is therefore essential to almost all sexually reproducing
animals, and can occur through numerous sensory modalities, including sight, smell, sound, or
touch, and in many cases a complex mixture of these (Candolin 2003). Even in species where
pre-copulatory mate assessment cannot occur, individuals still need to recognise the presence
of other reproductively viable individuals (temporally or spatially) with whom they can
reproduce. For example, the crown-of-thorns starfish Acanthaster planci communicates by
releasing a sex-pheromone during spawning which induces movement towards the spawning
individual, and triggers neighbouring conspecifics to spawn (Beach et al. 1975; Cabelles and
Pratchett 2017).

Sexual signalling therefore fulfils two primary purposes in mate recognition: 1) the recognition
of individuals with which one is reproductively viable (‘compatible-mate recognition’ – from
Mendelson (2015)) and 2) to identify mates that will maximise the fitness of the choosy
individual or its offspring (‘mate-quality recognition’ – from Pfennig (1998)). In simple terms,
signals of mate-compatibility concern the question “out of all organisms present, which can I
mate with that will produce functional offspring?”, while signals of mate-quality concern the
question “out of all compatible mates, which can I mate with that will produce the best
offspring?”. Whether these are truly distinct processes in a perceptual sense is still a question
of debate (Phelps et al. 2006; Mendelson 2015) – but, as I will highlight below, the distinction
is nonetheless useful in understanding the evolution of sexual signals.

Regarding compatible-mate recognition, the production and transfer of gametes is energetically
expensive, so it is critical that individuals recognise mates with which they will produce viable
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offspring. Again, using the crown-of-thorns starfish as an example – if spawning is induced by
pheromones, we would expect that individuals would be best served by only responding to the
spawning pheromones of reproductively compatible individuals (i.e. conspecifics). It would be
a substantial waste for a crown-of-thorns to release their gametes solely in response to the
spawning of heterospecifics with whom they cannot reproduce (although intriguingly, mass
multi-specific spawning events have been recorded) (Caballes and Pratchett 2017). The
importance of compatible mate recognition also extends to the recognition of sex (at least in
dioecious species). Individuals should be driven to recognise and direct their reproductive
investment towards individuals of the opposite sex, as homosexual interactions generally
negatively impact fitness (Maklakov and Bondurianksy 2009), although there are exemptions
to this (McRobert and Tompkins 1988; Barron and Hare 2020). Examples of species- and sexspecific signals are almost ubiquitous among sexually reproducing animals (birds: Doucet and
Montgomerie 2003; spiders: Stavenga et al. 2016; fish: Hankison and Morris 2003; flies:
Butterworth et al. 2019; snails: Takeichi et al. 2007), and while some appear to function solely
for the purpose of compatible-mate recognition (Stoffolano et al. 1997; Hankison and Morris
2003), many perform dual functions in the recognition of mate-quality.

The assessment of mate-quality is the second purpose of sexual signals, and through the force
of sexual selection, an enormous variety of signals have evolved to signal mate quality. Matequality can reflect various aspects of genetic compatibility (Aguirre et al. 2016), fertility
(Ruther et al. 2009), immune health (Aguilera and Amat 2007), and parasite resistance (Møller
1991), among other characteristics. Signals of mate-quality are generally reliable (although not
always) such that there is a correlation between the expression of the signal and the
unobservable quality of the mate that is of reproductive importance (Weaver et al. 2017). By
basing mate choice on such signals of quality, rather than simply ensuring the production of
viable offspring, individuals can indirectly maximise the number of offspring they produce, as
well as the fecundity, survival, and attractiveness of those offspring (Fisher 1930). This
relationship between sexual signals and individual quality has been a widespread mechanism
of sexual selection, and is responsible for some of the most extravagant sexual characters
known in the animal kingdom (Petrie 1994; Gwinner and Schwabl 2005).

Interestingly however, the recognition of mate-quality based on external signals is not universal
and can be dependent on the mating system and socio-sexual environment of the species. For
example, in many species that exhibit lek or scramble-competition polygyny there is often
2

limited chance for direct mate assessment because encounters with the opposite sex are rare,
or the window of time for encountering mates is short (Thornhill and Alcock 1983; Herberstein
et al. 2017). In such circumstances, the best chance at maximising fitness may be to take a ‘first
come, first served’ approach. The Australian hornet, Abispa ephippium, exhibits this strategy
(Thornhill and Alcock 1983), whereby males search for highly dispersed females, and approach
and instantly mate with any individuals they encounter – who participate willingly, showing
no signs of mate quality recognition. However, even in this species the males almost certainly
rely on mate-compatibility signals, such as species-specific long-distance pheromones, as they
are able precisely locate the highly dispersed nests of conspecific females (Matthews and
Matthews 2009).

Overall, the signals involved in the recognition of mate-compatibility and mate-quality are the
primary means through which sexual selection operates, and have likely played an integral role
in creating the enormous diversity of animal life on Earth (e.g. songbirds: Snyder and Creanza
2019; peacock spiders: Schubert 2019; frogs: Bell and Zamudio 2012; butterflies: Oliver and
Monteiro 2010). Importantly, studying how these sexual signals evolve is key to unravelling
the complex processes through which life has diversified.

1.2 Sex on six legs
Long before the first dinosaur roamed the earth, and while the ancestors of humans were
crawling through the mud as newts, insects were dominating ecosystems – and having sex
(Borst 2009). Millions of years later, the sexual exploits of insects had reached an evolutionary
climax, and were a major source of inspiration for Darwin’s theory of sexual selection,
receiving two full chapters in The Descent of Man, and Selection in Relation to Sex (Darwin
1871). Since then, insects have been integral to our understanding of the evolution and
maintenance of sexual signals. For example, the first sex-pheromone (Bombykol) was
discovered and isolated from the moth, Bombyx mori (Butenandt 1959), and flies of the genus
Drosophila have paved the way for our understanding of the neural underpinnings of sexual
signal perception (Pavlou and Goodwin 2013; Ziegler et al. 2013). With over one million
described insect species to date (Stork 2017), they are the most diverse group of animals on
Earth, and arguably the best system in which to investigate the evolution of sexual signals. As
stated by Thornhill and Alcock (1983): “for every problem in evolutionary biology there must
be at least 1000 insect species particularly well suited to provide an answer”.
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Insects use a staggering array of signals during mating, most of which involve multiple
modalities (Jones et al. 2014). There are examples of almost every type of signal imaginable,
from the bioluminescent flashes of fireflies (Vencl and Carlson 1998), to the protracted songs
of crickets (Simmons 1988), the pheromones of moths (Stengl 2010), and the vibrational duets
of leafhoppers (Eriksson et al. 2011). Some of these signals function predominantly in the
recognition of mate compatibility, such as the species-specific pheromones of fireflies (South
et al. 2008), while others have evolved to signal mate-quality such as the extravagant stalkeyes of diopsid flies (Wilkinson et al. 1998).

1.3 Chemical signals in insects
Of all possible modes of communication, chemical signals are the most ancient and widespread,
and almost all insects are highly adapted for chemo-sensation, with examples of sex
pheromones present in almost every taxon (e.g. bees: Seidelmann and Rolke 2019; wasps:
Buellesbach et al. 2018, flies: Carlson et al. 1971; beetles: Ishida and Leal 2008; butterflies:
Andersson et al. 2007; stick insects: Schwander et al. 2013; true bugs: Zhang et al. 2017).
Chemical signals are even involved in the sexual behaviour of insects that we traditionally
perceive to predominantly communicate through sound, such as crickets (Thomas and
Simmons 2011) and cicadas (Doolan 1981). In their bizarre smell-based communication,
insects use a wide range of chemical compounds, including aldehydes that act as long-distance
attractants (Svensson et al. 2014) and acetates transferred during copulation (Kohl et al. 2015).
However, there is one group of chemicals that is ubiquitous among insects – a group of
compounds known as cuticular hydrocarbons (CHCs).

I touch only briefly on CHCs here, as subsequent chapters cover them extensively (see sections
2.2, 3.2, and 4.2). But importantly, every living insect expresses CHCs and they can be regarded
as somewhat of a universal ‘insect language’. They are involved in mate compatibility
recognition and mate-quality recognition in a staggering number of species, and have likely
played a key role in the evolutionary diversification of insects (Chung and Carroll 2015).
Studies of CHCs have substantially improved our understanding of insect evolution, and we
are only beginning to scratch the cuticle (Mullen et al. 2007; Oliveira et al. 2011; Buellesbach
2013; Schwander et al. 2013; Kather and Martin 2015).

1.4 Visual signals in insects
While chemical cues are the most widespread, vision comes in close second. Almost all insects
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have evolved compound eyes (Buschbeck and Friedrich 2008), through which images are
projected onto the tips of an array of photoreceptors, forming neural representations of the
environment. While the resolution of insect vision is generally poorer than that of human vision
(Borst 2009), many species are entirely capable of discriminating colours (Blackiston et al.
2011; Lunau 2014; Futahashi 2016), and in some ways their visual capacity exceeds our own
(Mischiati et al. 2014), particularly in terms of sensing polarised and ultraviolet light (Marshall
and Cronin 2011; Lunau 2014). With such sophisticated visual systems, insects have evolved
a wide array of visual-based mating signals (Kemp and Rutowski 2011; White et al. 2015). The
wings have been a particularly useful palette for sexual selection, on which an incredible
diversity of sexual signals have evolved, from the elaborate wing patterns of butterflies (Kemp
and Rutowski 2011), to the deeply pigmented wings of damselflies (Svensson and Waller
2013), the punctuated elytra of beetles (Gwynne and Rentz 1983), and the coloured wing
interference patterns (WIPs) of wasps, flies, and true bugs (Shevstova et al. 2011; Simon 2013).

WIPs are a particularly brilliant adaptation; they are hidden patterns of colour that span the
wings of insects, only visible at acute geometries and against certain backgrounds. They are
the result of the peculiar way that light is refracted from the chitinous wing membrane, and are
displayed by a wide range of insects with transparent wings, including Hymenoptera, Diptera,
Odonata, and some Hemiptera (Shevstova et al. 2011; Simon 2013; Brydegaard et al. 2018).
As with CHCs, I only briefly address these traits here, as subsequent chapters go into more
detail (see section 5.2). In short, while WIPs have only recently been recognised, a growing
body of research suggests that they may function as signals of mate compatibility and mate
quality across a wide range of insects (Shevstova et al. 2011; Katayama et al. 2014; Brydegaard
et al. 2018; Hawkes et al. 2019) and are perhaps the visual-equivalent of insect CHCs.

1.5 The need for novel model systems in insects
Deciphering how insects send and perceive these sexual signals is of critical importance to
developing a comprehensive understanding of insect evolution (Phelps et al. 2006). Despite
decades of research into sexual communication, we still have a rather limited comprehension
of how most species communicate, and an even more peripheral understanding of the role
sexual signals have played in their evolution. Specifically, to what extent has sexual selection
been responsible for the extraordinary diversity of insects alive today? Do closely related
species use similar signaling modalities to recognise mates? How do sexual signals reinforce
reproductive isolation? What role does ecological selection play in the evolution of sexual
5

signals? Do mate-compatibility recognition and mate-quality recognition truly involve distinct
preferences and signals? (Phelps et al. 2006; Secondi and Théry 2014; Mendelson 2015). While
a number of studies have attempted to answer these questions in insects, they have been
primarily limited to a handful of study systems (Mullen 2014) and a disproportionate number
of these have focused on the fly genus Drosophila (Greenspan and Ferveur 2000; Tauber and
Eberl 2003; Wicker-Thomas 2007; Borst 2009; Oliviera et al. 2011; Bontonou and WickerThomas 2014; Soto-Yéber et al. 2019). While these model taxa have proven immensely useful,
the staggering diversity of insects means that most taxa remain neglected. If we are to truly
understand the broader contribution of sexual signals, mate recognition, and sexual selection
to the diversity of insects, then there is a compelling need to develop novel study systems that
can mirror and expand upon the work done with Drosophila. But this raises an important
question: which insect taxa make suitable evolutionary models?

1.6 Blowflies as model systems for evolutionary studies
Blowflies (Diptera: Calliphoridae) are some of the most commonly encountered insects, and
are a crucial part of many ecosystems, acting as primary decomposers, parasites, and pollinators
across a wide range of habitats (Ferrar 1987). There are approximately 1,200 described species,
but the most well-known are the carrion-breeding members of the subfamilies Calliphorinae,
Luciliinae, and Chrysomyinae – some of which are globally distributed and have formed
synanthropic associations with humans, such as the oriental latrine fly Chrysomya
megacephala (Badenhorst and Villet 2018). Most importantly however, carrion-breeding
blowflies exhibit various characteristics that make them an ideal model system for evolutionary
studies.

First, carrion-breeding blowflies are ecologically and reproductively diverse, with closely
related species often showing highly varied habits (Norris 1959; Wells and Kurahashi 1996).
They can be found in almost every type of environment, from the sprawling tropical rainforests
of New Guinea (James 1971), to the sun-scorched Australian outback (Norris 1959), the
pristine alpine mountains of New Zealand (Dear 1985), and at your local rubbish dump. Their
reproductive behaviour is equally diverse, where in some species mating is male-controlled
and courtship is non-existent, while in others there is strong female choice and elaboration of
male courtship and secondary sexual characters (Jones et al. 2014). Second, in the summer
months, carrion-breeding species are attracted in mass to decomposing animal remains to
reproduce. Using properly prepared carrion baits, it is possible to attract and capture hundreds
6

of individuals of closely related species at any given location. This also permits easy
observation of behaviours under natural conditions, as well as under laboratory settings, as
many species can be cultured on simple diets, such as sheep’s liver (Jones et al. 2014). Lastly,
aside from their ecological role as decomposers of vertebrate remains, carrion-breeding
blowflies are of significant agricultural importance, as certain species such as the Australian
sheep blowfly Lucilia cuprina can occasionally colonise wounds on livestock – a behaviour
known as facultative myiasis. If left untreated, this can lead to severe injury and death of the
animal, and results in annual economic losses of AU$280 million in Australia and NZ$30-40
million in New Zealand (Sackett et al. 2006; Heath and Bishop 2006). Therefore, studies of
their reproduction and sexual signalling – while beneficial from an evolutionary standpoint –
are also of applied importance to humans.

Despite their attractiveness as a model system, little is known regarding the general biology,
population structure, or sexual behaviour of blowflies (Parker 1968; Guillot et al. 1978;
Trabalon et al. 1988; Thomas 1991; Thomas 1993; Stoffolano et al. 1997; Bartell et al. 1969;
Benelli and Romano 2019). As adults breed in decaying carrion, which is a short-lived and
speciose environment, it is expected that selection will drive individuals to quickly and reliably
identify suitable conspecific mates in order to maximise their fitness. Blowflies have
exceptional vision, and males of many species have evolved specialised visual structures that
may assist them in locating and identifying females (van Hateren et al. 1989). However, the
exact visual cues used by males to identify females are unknown. Male blowflies will also
reject other males and hetero-specific females after making gustatory contact, which suggests
that chemical signals may be involved in the recognition of mate-compatibility. It is therefore
plausible that blowflies utilise both visual and chemical cues in the recognition of matecompatibility and mate-quality. Two cues used in many other insects that fit this purpose are
the cuticular hydrocarbons (CHCs) and wing interference patterns (WIPs) that I have briefly
discussed in previous sections. It is entirely unclear to what extent these cues facilitate blowfly
mate recognition, whether they are species- or sex-specific, and whether they can signal matequality. However, given that they serve these functions amongst a wide variety of other insect
species, particularly flies, it is highly likely they are also involved in the sexual signalling of
blowflies.

1.7 Thesis aims and structure
In this thesis, I investigate whether these sexual signals (CHCs and WIPs) may function as
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signals of mate-compatibility and mate-quality in blowflies. Specifically, I assess the speciesand sex-specificity of these cues, examine the patterns of their diversification across multiple
species, and assess their role in the mating behaviour of blowflies. I achieve this using the
blowfly genus Chrysomya. This genus has a worldwide distribution and is particularly diverse
within Australasia. There are nine representative species in Australia (Figure 1.1), all of which
can be found along the eastern coast of the country, occupying a diverse range of habitats, from
temperate rainforests in the north to dry sclerophyll forests in the colder southern regions
(Kitching and Voeten 1977). They also exhibit varied modes of reproduction (Norris 1959) and
show substantial variation in their mating systems (Butterworth et al. 2019), thus representing
an untapped model system for research into the evolution of sexual signals in insects.

Chapter 2 investigates the role of CHCs as signals of mate-compatibility in the context of sex
recognition, using the small hairy maggot blowfly Chrysomya varipes. Because the females of
this species exhibit strong mate choice (Jones et al. 2014), they likely use a range of sexual
signals to ensure mates are compatible and of the opposite sex. I assess whether CHCs fulfil
this function by determining whether they are 1) sexually dimorphic, as might be expected of
cues involved in sex recognition and 2) whether they facilitate sexual attraction in either males
or females.

Chapter 3 explores the function of CHCs as signals of mate-compatibility in the context of
sexual maturity. Many insect species go through prolonged pre-reproductive phases, during
which mating attempts are generally wasteful and fruitless. Therefore, it is expected that sexual
signals should also evolve to signal mate-compatibility in the context of reproductive maturity.
I predict that CHCs will facilitate this role in blowflies, as they are known to change greatly
with age in several species. Specifically, I assess 1) whether CHC development coincides with
sexual maturity in the small hairy maggot blowfly Ch. varipes and 2) whether rates of CHC
development differ between the sexes.

Chapter 4 explores the evolutionary diversification of CHCs across all nine species of
Australian Chrysomya. Using wild populations of these flies, I assess the widespread patterns
of CHC diversification, specifically whether CHCs may function as signals of interspecific
mate-compatibility. I predict that CHCs will be highly species-specific and have experienced
strong sexual selection, which will suggest a role in both the recognition of mate-compatibility
and mate-quality.
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Figure 1.1 The ten Australian species of blowfly that are the focus of this thesis A) Ch. rufifacies
(male), B) Ch. incisuralis (male), C) Ch. varipes, D) Ch. flavifrons, E) Ch. nigripes (male), F) Ch.
saffranea (male), G) Ch. megacephala (male), H) Ch. semimetallica (male), I) Ch. latifrons (male), J)
L. cuprina (female). All photos credit to N.J. Butterworth.
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Chapter 5 introduces the role of vision in the sexual communication of Chrysomya, specifically
the diversification of WIPs as possible sexual signals in blowflies. Again, using wild
populations of Chrysomya, I assess the widespread patterns of WIP variation in regard to
species- and sex-specific differences. As WIPs are likely to function as mate-compatibility
signals in a wide range of insects, I expect to show that they exhibit a high degree of variation
between species, strong sexual-dimorphisms within species, and likely form an important part
of blowfly mate recognition.

Chapter 6 gives an extensive overview on blowfly mating behaviour, and for the first time
describes the mating behaviour of Chrysomya flavifrons. This chapter aims to bring together
the findings from the previous chapters to highlight the complexity of blowfly mating
behaviour. Considering that blowflies likely use a suite of cues in the recognition of matecompatibility and mate-quality, I also use this species as a system to assess the effect of the
laboratory environment of blowfly behaviour, by comparing behavioural differences between
field and laboratory populations. I expect to show that the significant environmental differences
between field and laboratory settings result in substantial differences in the way blowflies
exhibit mate choice.
As this is a thesis ‘by publication’, I remind the reader that chapters 2-6 may contain repetition
and variation in formatting, especially referencing and spelling, since they adopt the
requirements of their respective journals (see declaration on page vi).

In Chapter 7, I summarise my major findings and highlight their contribution to the field of
evolutionary biology. Broadly, I discuss the current understanding of blowfly sexual behaviour,
and highlight the exceptional diversity of species- and sex-specific traits that are displayed in
the genus Chrysomya, with emphasis on the evolution of CHCs and WIPs. Overall, I argue that
these traits have likely played an important role in the evolution of blowflies and advance the
sentiment that insect communication is a complex, multi-modal process – even in systems
where mating appears superficially simple.

10

1.8 References
Aguilera E, Amat JA (2007) Carotenoids, immune response and the expression of sexual ornaments in
male greenfinches (Carduelis chloris). Naturwissenschaften 94:895-902 doi:10.1007/s00114007-0268-5
Aguirre JD, Blows MW, Marshall DJ (2016) Genetic compatibility underlies benefits of mate choice in
an external fertilizer. The American Naturalist 187:647-657 doi:10.1086/685892
Andersson J, Borg-Karlson A-K, Vongvanich N, Wiklund C (2007) Male sex pheromone release and
female mate choice in a butterfly. Journal of Experimental Biology 210:964-970
doi:10.1242/jeb.02726
Badenhorst R, Villet MH (2018) The uses of Chrysomya megacephala (Fabricius, 1794) (Diptera:
Calliphoridae) in forensic entomology. Forensic Sciences Research 3:2-15
doi:10.1080/20961790.2018.1426136
Barron AB, Hare B (2020) Prosociality and a sociosexual hypothesis for the evolution of same-sex
attraction in humans. Frontiers in Psychology 10:2955 doi:10.3389/fpsyg.2019.02955
Bartell RJ, Shorey HH, Barton Browne L (1969) Pheromonal stimulation of the sexual activity of males
of the sheep blowfly Lucilia cuprina (Calliphoridae) by the female. Animal Behaviour 17:576585 doi:10.1016/0003-3472(69)90166-3
Bell RC, Zamudio KR (2012) Sexual dichromatism in frogs: natural selection, sexual selection and
unexpected diversity. Proceedings of the Royal Society B 279:4687-4693
doi:10.1098/rspb.2012.1609
Benelli G, Romano D (2019) Looking for the right mate—What do we really know on the courtship
and mating of Lucilia sericata (Meigen)? Acta Tropica 189:145-153 doi:
10.1016/j.actatropica.2018.08.013
Blackiston D, Briscoe AD, Weiss MR (2011) Color vision and learning in the monarch butterfly,
Danaus plexippus (Nymphalidae). The Journal of Experimental Biology 214:509
doi:10.1242/jeb.048728
Borst A (2009) Drosophila's view on insect vision. Current Biology 19:R36-R47 doi:
10.1016/j.cub.2008.11.001
Brydegaard M, Jansson S, Schulz M, Runemark A (2018) Can the narrow red bands of dragonflies be
used to perceive wing interference patterns? Ecology and Evolution 8:5369-5384
doi:10.1002/ece3.4054
Buellesbach J, Gadau J, Beukeboom LW, Echinger F, Raychoudhury R, Werren JH, Schmitt T (2013)
Cuticular hydrocarbon divergence in the jewel wasp Nasonia: evolutionary shifts in chemical
communication channels? Journal of Evolutionary Biology 26: 2467-2478.
doi:10.1111/jeb.12242
Buschbeck EK, Friedrich M (2008) Evolution of insect eyes: Tales of ancient heritage, deconstruction,
reconstruction, remodeling, and recycling. Evolution: Education and Outreach 1:448-462
doi:10.1007/s12052-008-0086-z
Butenandt A, Beckmann R, Stamm D, Hevker E (1959) On the sex pheromone of the silkworm moth
Bombyx mori. Isolation and structure. Zeitschrift für Naturforschung B 14:283-284
Butterworth NJ, Byrne PG, Wallman JF (2019) The blow fly waltz: Field and laboratory observations
of novel and complex dipteran courtship behavior. Journal of Insect Behavior 32:109-119
doi:10.1007/s10905-019-09720-1
Caballes CF, Pratchett MS (2017) Environmental and biological cues for spawning in the crown-ofthorns starfish. PloS One 12:e0173964-e0173964 doi:10.1371/journal.pone.0173964
Candolin U (2003) The use of multiple cues in mate choice. Biological Reviews 78:575-595
doi:10.1017/S1464793103006158
Chung H, Carroll SB (2015) Wax, sex and the origin of species: Dual roles of insect cuticular
hydrocarbons in adaptation and mating. BioEssays 37:822-830
Carlson DA, Mayer MS, Silhacek DL, James JD, Beroza M, Bierl BA, Calam DH (1971) Sex attractan
pheromone of the house fly: isolation, identification and synthesis. Science 174:76-78
Dear JP (1986) Calliphoridae (Insecta: Diptera). Fauna of New Zealand 8:1-86
Doolan JM (1981) Male spacing and the influence of female courtship behaviour in the bladder cicada,
Cystosoma saundersii Westwood. Behavioral Ecology and Sociobiology 9:269-276

11

doi:10.1007/BF00299882
Doucet SM, Montgomerie R (2003) Multiple sexual ornaments in satin bowerbirds: ultraviolet plumage
and bowers signal different aspects of male quality. Behavioral Ecology 14:503-509
doi:10.1093/beheco/arg035
Eriksson A, Anfora G, Lucchi A, Virant-Doberlet M, Mazzoni V (2011) Inter-plant vibrational
communication in a leafhopper insect. PLoS One 6:e19692 doi:10.1371/journal.pone.0019692
Ferrar P (1987) A guide to the breeding habits and immature stages of Diptera Cyclorrhapha. Brill
Leiden, The Netherlands
Fisher RA (1930) The genetical theory of natural selection. The Clarendon Press, Oxford
Futahashi R (2016) Color vision and color formation in dragonflies. Current Opinion in Insect Science
17:32-39 doi:https://doi.org/10.1016/j.cois.2016.05.014
Gerlach T, Sprenger D, Michiels NK (2014) Fairy wrasses perceive and respond to their deep red
fluorescent coloration. Proceedings of the Royal Society B 281:20140787
doi:10.1098/rspb.2014.0787
Guillot FS, Brown HE, Broce AB (1978) Behavior of sexually active male screwworm flies. Annals of
the Entomological Society of America 71:199-201 doi:10.1093/aesa/71.2.199
Gwinner H, Schwabl H (2005) Evidence for sexy sons in European starlings (Sturnus vulgaris)
Behavioral Ecology and Sociobiology 58:375-382 doi:10.1007/s00265-005-0948-0
Gwynne DT, Rentz DCF (1983) Beetles on the bottle: Male buprestids mistake stubbies for females
(Coleoptera). Australian Journal of Entomology 22:79-80 doi:10.1111/j.14406055.1983.tb01846.x
Hankison SJ, Morris MR (2003) Avoiding a compromise between sexual selection and species
recognition: female swordtail fish assess multiple species-specific cues. Behavioral Ecology
14:282-287 doi:10.1093/beheco/14.2.282
Hawkes MF, Duffy E, Joag R, Skeats A, Radwan J, Wedell N, Sharma MD, Hosken DJ, Troscianko J
(2019) Sexual selection drives the evolution of male wing interference patterns Proceedings of
the Royal Society B: Biological Sciences 286:20182850 doi:10.1098/rspb.2018.2850
Heath AC, Bishop DM (2006) Flystrike in New Zealand: An overview based on a 16-year study,
following the introduction and dispersal of the Australian sheep blowfly, Lucilia cuprina
Wiedemann
(Diptera:
Calliphoridae).
Veterinary
Parasitology
137:333-344
doi:10.1016/j.vetpar.2006.01.006
Herberstein ME, Painting CJ, Holwell GI (2017) Scramble competition polygyny in terrestrial
arthropods. Advances in the Study of Behavior. Elsevier, Cambridge Massachusetts pp 237295
Irestedt M, Jønsson KA, Fjeldså J, Christidis L, Ericson PGP (2009) An unexpectedly long history of
sexual selection in birds-of-paradise. BMC Evolutionary Biology 9:235 doi:10.1186/14712148-9-235
Ishida Y, Leal WS (2008) Chiral discrimination of the Japanese beetle sex pheromone and a behavioral
antagonist by a pheromone-degrading enzyme. Proceedings of the National Academy of
Sciences 105:9076-9080 doi:10.1073/pnas.0802610105
James MT (1971) Genus Chrysomya in New Guinea. Pacific Insects 13:361-369
Jones SD, Byrne PG, Wallman JF (2014) Mating success is predicted by the interplay between multiple
male and female traits in the small hairy maggot blowfly. Animal Behaviour 97:193-200 doi:
10.1016/j.anbehav.2014.09.022
Katayama N, Abbott JK, Kjærandsen J, Takahashi Y, Svensson EI (2014) Sexual selection on wing
interference patterns in Drosophila melanogaster. Proceedings of the National Academy of
Sciences of the United States of America 111:15144-15148 doi:10.1073/pnas.1407595111
Kemp DJ, Rutowski RL (2011) Chapter 2 - The role of coloration in mate choice and sexual interactions
in butterflies. Advances in the Study of Behavior 43:55-92 doi:10.1016/B978-0-12-3808967.00002-2
Kitching R, Voeten R (1977) The larvae of Chrysomya incisuralis (Macquart) and Ch.(Eucompsomyia)
semimetallica (Malloch)(Diptera: Calliphoridae). Australian Journal of Entomology 16:185190 doi:10.1111/j.1440-6055.1977.tb00083.x
Kohl J, Huoviala P, Jefferis GS (2015) Pheromone processing in Drosophila. Current Opinion in
Neurobiology 34:149-157 doi:http://dx.doi.org/10.1016/j.conb.2015.06.009
12

Lunau K (2014) Visual ecology of flies with particular reference to colour vision and colour
preferences. Journal of Comparative Physiology A 200:497-512 doi:10.1007/s00359-0140895-1
Maklakov AA, Bonduriansky R (2009) Sex differences in survival costs of homosexual and
heterosexual interactions: evidence from a fly and a beetle. Animal Behaviour 77:1375-1379
doi:https://doi.org/10.1016/j.anbehav.2009.03.005
Marshall J, Cronin TW (2011) Polarisation vision. Current Biology 21:R101-R105
doi:https://doi.org/10.1016/j.cub.2010.12.012
Matthews RW, Matthews JR (2009) Nesting behavior of Abispa ephippium (Fabricius) (Hymenoptera:
Vespidae: Eumeninae): extended parental care in an Australian mason wasp. Psyche: A Journal
of Entomology https://doi.org/10.1155/2009/851694
McRobert SP, Tompkins L (1988) Two consequences of homosexual courtship performed by
Drosophila melanogaster and Drosophila affinis males. Evolution 42:1093-1097
doi:10.2307/2408925
Mendelson TC (2015) Distinguishing perceptual and conceptual levels of recognition at group
boundaries. Evolutionary Ecology 29:205-215 doi:10.1007/s10682-014-9748-1
Mischiati M, Lin H-T, Herold P, Imler E, Olberg R, Leonardo A (2015) Internal models direct dragonfly
interception steering. Nature 517:333-338 doi:10.1038/nature14045
Møller AP (1991) Parasite load reduces song output in a passerine bird. Animal Behaviour 41:723-730
doi:10.1016/S0003-3472(05)80909-1
Mullen SP (2014) Insect speciation rules: Unifying concepts in speciation research. Annual Review of
Entomology 59:339-368 doi:10.1146/annurev-ento-120710-100621
Mullen SP, Mendelson TC, Schal C, Shaw KL (2007) Rapid evolution of cuticular hydrocarbons in a
species radiation of acoustically diverse Hawaiian crickets (Gryllidae: Trigonidiinae: Laupala).
Evolution 61:223-231 doi:10.1111/j.1558-5646.2007.00019.x
Oliver JC, Monteiro A (2011) On the origins of sexual dimorphism in butterflies. Proceedings of the
Royal Society B 278:1981-1988 doi:10.1098/rspb.2010.2220
Otto SP (2009) The evolutionary enigma of sex. The American Naturalist 174:S1-S14
doi:10.1086/599084
Parker G (1968) The sexual behaviour of the blowfly, Protophormia terrae-novae R.-D. Behaviour
32:291-308 doi:10.1163/156853968x00234
Pavlou HJ, Goodwin SF (2013) Courtship behavior in Drosophila melanogaster: towards a 'courtship
connectome'. Current Opinion in Neurobiology 23:76-83 doi:10.1016/j.conb.2012.09.002
Petrie M (1994) Improved growth and survival of offspring of peacocks with more elaborate trains.
Nature 371:598-599 doi:10.1038/371598a0
Pfennig KS (1998) The evolution of mate choice and the potential for conflict between species and
mate-quality recognition. Proceedings of the Royal Society B 265:1743-1748
doi:10.1098/rspb.1998.0497
Phelps SM, Rand AS, Ryan MJ (2006) A cognitive framework for mate choice and species recognition.
The American Naturalist 167:28-42 doi:10.1086/498538
Pryke SR, Griffith SC (2009) Postzygotic genetic incompatibility between sympatric color morphs.
Evolution 63:793-798 doi:10.1111/j.1558-5646.2008.00584.x
Ruther J, Matschke M, Garbe L-A, Steiner S (2009) Quantity matters: male sex pheromone signals mate
quality in the parasitic wasp Nasonia vitripennis. Proceedings of the Royal Society B 276:33033310 doi:10.1098/rspb.2009.0738
Sackett D, Holmes, P., Abbott, K., Jephcott, S., Barber, M. (2006) Assessing the economic cost of
endemic disease on the profitability of Australian beef cattle and sheep producers. Meat and
Livestock Australia Report AHW087 North Sydney, NSW, Australia
Schubert J (2019) Three new peacock spiders from Southwestern Australia (Araneae: Salticidae:
Euophryini: Maratus Karsch, 1878). Zootaxa 4564:81-100 doi:10.11646/zootaxa.4564.1.3
Schwander T, Arbuthnott D, Gries R, Gries G, Nosil P, Crespi BJ (2013) Hydrocarbon divergence and
reproductive isolation in Timema stick insects. BMC Evolutionary Biology 13:151
doi:10.1186/1471-2148-13-151
Seago AE, Brady P, Vigneron J-P, Schultz TD (2009) Gold bugs and beyond: a review of iridescence
and structural colour mechanisms in beetles (Coleoptera). Journal of The Royal Society
13

Interface 6:S165-S184 doi:10.1098/rsif.2008.0354.focus
Secondi J, Théry M (2014) An ultraviolet signal generates a conflict between sexual selection and
species recognition in a newt. Behavioral Ecology and Sociobiology 68:1049-1058
doi:10.1007/s00265-014-1717-8
Seidelmann K, Rolke D (2019) Advertisement of unreceptivity – Perfume modifications of mason bee
females (Osmia bicornis and O. cornuta) and a non-existing antiaphrodisiac. PLoS One
14:e0215925 doi:10.1371/journal.pone.0215925
Shevtsova E, Hansson C, Janzen DH, Kjærandsen J (2011) Stable structural color patterns displayed on
transparent insect wings. Proceedings of the National Academy of Sciences of the United States
of America 108:668-673 doi:10.1073/pnas.1017393108
Simmons LW (1988) The calling song of the field cricket, Gryllus bimaculatus (de geer): constraints
on transmission and its role in intermale competition and female choice. Animal Behaviour
36:380-394 doi:10.1016/S0003-3472(88)80009-5
Simon E (2013) Preliminary study of wing interference patterns (WIPs) in some species of soft scale
(Hemiptera,
Sternorrhyncha,
Coccoidea,
Coccidae).
ZooKeys
319:269-281
doi:10.3897/zookeys.319.4219
Snyder KT, Creanza N (2019) Polygyny is linked to accelerated birdsong evolution but not to larger
song repertoires. Nature Communications 10:884 doi:10.1038/s41467-019-08621-3
Soto-Yéber L, Soto-Ortiz J, Godoy P, Godoy-Herrera R (2019) The behavior of adult Drosophila in the
wild. PLoS One 13:e0209917 doi:10.1371/journal.pone.0209917
Stavenga DG, Otto JC, Wilts BD (2016) Splendid coloration of the peacock spider Maratus splendens.
Journal of The Royal Society Interface 13:20160437 doi:10.1098/rsif.2016.0437
Stengl M (2010) Pheromone transduction in moths. Frontiers in Cellular Neuroscience 4:133-133
doi:10.3389/fncel.2010.00133
Stoffolano JG, Schauber E, Yin C-M, Tillman JA, Blomquist GJ (1997) Cuticular hydrocarbons and
their role in copulatory behavior in Phormia regina (Meigen). Journal of Insect Physiology
43:1065-1076 doi:10.1016/S0022-1910(97)00050-4
Stork NE (2018) How many species of insects and other terrestrial arthropods are there on Earth?
Annual Review of Entomology 63:31-45 doi:10.1146/annurev-ento-020117-043348
Svensson EI, Waller JT (2013) Ecology and sexual selection: Evolution of wing pigmentation in
calopterygid damselflies in relation to latitude, sexual dimorphism, and speciation. The
American Naturalist 182:E174-E195 doi:10.1086/673206
Takeichi M, Hirai Y, Yusa Y (2007) A water-borne sex pheromone and trail following in the apple
snail,
Pomacea
canaliculate.
Journal
of
Molluscan
Studies
73:275-278
doi:10.1093/mollus/eym027
Tauber E, Eberl DF (2003) Acoustic communication in Drosophila. Behavioural Processes 64:197-210
doi:https://doi.org/10.1016/S0376-6357(03)00135-9
Thomas DB (1991) Time activity budget of adult screwworm behaviour (Diptera: Calliphoridae)
Journal of Medical Entomology 28:372-377
Thomas DB (1993) Behavioural aspects of screwworm biology. Journal of the Kansas Entomological
Society 66:13-30
Trabalon M, Campan M, Clément J-L, Thon B, Lange C, Lefevre J (1988) Changes in cuticular
hydrocarbon composition in relation to age and sexual behavior in the female Calliphora
vomitoria (Diptera). Behavioural Processes 17:107-115 doi:10.1016/0376-6357(88)90029-0
Van Hateren J, Hardie R, Rudolph A, Laughlin S, Stavenga D (1989) The bright zone, a specialized
dorsal eye region in the male blowfly Chrysomyia megacephala. Journal of Comparative
Physiology A 164:297-308
Vencl FV, Carlson AD (1998) Proximate mechanisms of sexual selection in the firefly Photinus pyralis
(Coleoptera:
Lampyridae).
Journal
of
Insect
Behavior
11:191-207
doi:10.1023/A:1021091806472
Weaver RJ, Koch RE, Hill GE (2017) What maintains signal honesty in animal colour displays used in
mate choice? Philosophical Transactions of the Royal Society B 372:20160343
doi:doi:10.1098/rstb.2016.0343
White TE, Zeil J, Kemp DJ (2015) Signal design and courtship presentation coincide for highly biased
delivery of an iridescent butterfly mating signal. Evolution 69:14-25 doi:10.1111/evo.12551
14

Wicker-Thomas C (2007) Pheromonal communication involved in courtship behavior in Diptera.
Journal of Insect Physiology 53:1089-1100 doi:10.1016/j.jinsphys.2007.07.003
Wilkinson GS, Kahler H, Baker RH (1998) Evolution of female mating preferences in stalk-eyed flies.
Behavioral Ecology 9:525-533 doi:10.1093/beheco/9.5.525
Zhang T, Zhang X, Mei X, Li Y, Gao Z, Ning J (2017) Sex pheromone of the jumping plant bug,
Halticus minutus Reuter (Hemiptera: Miridae). Journal of Asia-Pacific Entomology 20:319323 doi: 10.1016/j.aspen.2017.02.003
Ziegler AB, Berthelot-Grosjean M, Grosjean Y (2013) The smell of love in Drosophila. Frontiers in
Physiology 4:72-72 doi:10.3389/fphys.2013.00072

15

Chapter 2. Body odor and sex: do cuticular hydrocarbons facilitate
sexual attraction in the small hairy maggot blowfly?

2.1 Abstract
Cuticular hydrocarbons (CHCs) are known to play an important role as contact pheromones in
insects, particularly in flies. However, for many fly taxa our understanding of the importance
of CHCs in sexual communication remains limited. Within the family Calliphoridae
(blowflies), sex-specific differences in CHCs have been reported for several species, but there
is currently no evidence that these CHCs facilitate sexual behaviour. In order to elucidate the
function of CHCs in Calliphoridae, studies combining behavioural and chemical analyses are
required. The present study used gas chromatography mass spectrometry (GC-MS), along with
behavioural assays, to assess whether CHCs facilitate sexual attraction in the small hairy
maggot blowfly, Chrysomya varipes. The specific aims were to: 1) determine if CHCs differ
between the sexes and 2) assess whether flies exhibit positive chemotaxis to CHCs of the
opposite sex. Fifty-two individual hydrocarbons common to both sexes were identified, and
quantitative sexual differences across numerous CHCs were observed. However, behavioural
assays provided no evidence that flies were attracted to CHCs of the opposite sex, challenging
the hypothesis that CHCs facilitate sexual attraction in Ch. varipes. In contrast to other
blowflies, Ch. varipes males invest heavily in courtship displays and ornamentation, so we
speculate that visual communication in this species may have relaxed sexual selection for
chemical communication. More broadly, our findings suggest that CHCs may not always
facilitate insect sexual communication.
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2.2 Introduction
Cuticular hydrocarbons (CHCs) are a complex mixture of straight-chained, methyl-branched,
and olefinic hydrocarbons present in the waxy cuticle of nearly all known insects (Menzel et
al. 2017). Due to their hydrophobic nature and capacity to tightly aggregate, CHCs play an
important role in preventing cuticular water loss, a feature that has largely contributed to the
success of terrestrial insects (Stinziano et al. 2015). However, it is also known that CHCs
commonly act as short-range sex pheromones in insects, functioning as attractants,
aphrodisiacs, and anti-aphrodisiacs across a wide range of taxa (Orthoptera: Thomas and
Simmons 2008; Hemiptera: Guédot et al. 2009; Hymenoptera: Kühbandner et al. 2012;
Phasmatodea: Schwander et al. 2013; Lepidoptera: Svensson et al. 2014; Odonata: Frati et al.
2015).

One group of insects that has played an integral role in developing our understanding of CHCs
are the flies (Diptera) (Oliveira et al. 2011; Dembeck et al. 2015; McKinney et al. 2015). Flies
are one of the four largest groups of living organisms, comprising approximately 188 families
and 150,000 described species (Thompson 2007). It is known that CHCs play a primary role in
the sexual behaviour of two major fly families: the Drosophilidae (fruit flies) and the Muscidae
(house flies) (Wicker-Thomas 2007). For species within these families, CHCs are known to
differ both quantitatively and qualitatively between the sexes, and have been shown to facilitate
sexual attraction and play important roles in the early stages of courtship (Ferveur 2005).
Amongst other fly families, CHCs are also sexually dimorphic, but there is limited evidence
that they play a role in sexual attraction (Caputo et al. 2005; Vaníčková et al. 2014; Barbosa et
al. 2017). In fact, the role of CHCs in sexual attraction has been studied in less than 0.1% of
described fly species. Consequently, there is a need to examine the form and function of CHCs
across a wider range of dipteran taxa.

Blowflies (Calliphoridae) are a biodiverse family that occupy a wide range of ecological niches,
ranging from species that parasitise land snails, worms, or birds, to species that are detritivores
of fungi or rotting seaweed (Ferrar 1987). The best-known representatives are the carrionbreeding blowflies, which, as primary colonizers of decomposing vertebrates, are particularly
important in forensic entomology (Pechal et al. 2014) and livestock agriculture (Witzgall et al.
2010; Aak et al. 2011). In carrion-breeding blowflies, mating usually takes place on, or in the
vicinity of the carrion, which can be a frenzied environment, densely populated by a mix of
conspecifics and heterospecifics (Putman 1983). Under these conditions, we can expect intense
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competition for mates and a high risk of misguided mating investment. As such, CHCs may
play a fundamental role in mediating mate recognition and sexual attraction.

Presently, CHCs are known to be sexually dimorphic in seven blowfly species, representing
two subfamilies (Chrysomyinae: Pomonis and Mackley 1985; Stoffolano et al. 1997;
Spradbery 2002; and Luciliinae: Barbosa et al. 2017; Bernhardt et al. 2017). However, only
two studies have attempted to explicitly investigate whether sexually dimorphic CHCs
facilitate sexual attraction. Pomonis and Mackley (1985) isolated CHCs from the New World
screwworm, Cochliomyia hominivorax and found no evidence that CHCs stimulated mating
behaviour. Stoffolano et al. (1997) analysed CHCs of males and females of the black blowfly,
Phormia regina and found that they stimulate conspecific attraction, but not sex-specific
attraction. Therefore, even though various blowfly species are known to have sexually
dimorphic CHCs, there is currently no evidence that blowfly CHCs facilitate sexual attraction.
Studies spanning a greater diversity of species are required before any general conclusions can
be made regarding the role of CHCs in blowfly sexual communication.

The small hairy maggot blowfly, Chrysomya varipes, is an endemic and widespread
Australasian species of carrion-breeding blowfly. Unlike most blowflies, the males invest
heavily in mate attraction, displaying intensive courtship, as well as elaborate ornamentation
in the form of white hairs on their forelegs (Jones et al. 2014). Male courtship consists of several
discrete behaviours, including: orienting, waving, wing vibration, arching and, notably, tapping
(Jones et al. 2017). During the preliminary stages of courtship, males will frequently tap the
legs and abdomen of the female with their fore-tarsi, and it is hypothesised that this behaviour
allows males to sample CHCs. Courtship behaviour is commonly facilitated by CHCs in insects
(Ferveur 2005), so it is conceivable that CHCs fulfil a similar function in Ch. varipes.
Therefore, the general objective of the present study was to establish the role of CHCs in the
sexual behaviour of Ch. varipes. Specifically, we aimed to establish the extent to which CHCs
differ between males and females, and to assess whether CHCs play a role in sexual attraction.

2.3 Methods and materials
2.3.1 Insect stocks
Established F12 lines of Ch. varipes were provided with a small portion (~100 g) of kangaroo
mince held in a plastic weigh boat, in order to provide an oviposition medium. After eggs were
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laid, meat was removed and isolated in a plastic rearing container (130 x 190 x 70 mm) with a
fine mesh top. The bottom of the container was covered with wheaten chaff as a pupariation
material, and the weigh boat containing the larvae placed on top of the chaff. Extra kangaroo
mince (~200 g) was provided to the maggots to ensure that food was not limiting. Upon
emergence, flies of each sex were transferred into same-sex plastic cages (300 x 500 x 250
mm) with a fly screen lid. They were provided with a constant supply of granulated raw sugar,
and water delivered via a cotton dental roll serving as a wick. They were also provided with a
small portion (~100 g) of kangaroo mince as a food source for reproductive development. Adult
flies were maintained until they were between 11 and 13 days of age, at which point they were
sexually mature and expected to exhibit adult cuticular profiles (Jones et al. 2014; Pechal et al.
2014).

2.3.2 Chemical analysis.
Cuticular hydrocarbons were extracted from individual male and female flies, all 11 to 13 days
old (N = 28 per sex) by immersion in 100 µL of n-hexane in a 300 µL glass insert. Each fly
was immersed for 5 minutes, gently vortexed once using an S.E.M. vortex mixer (Adelab
Scientific, Australia) then removed from the solution. Washed flies were inspected following
extraction to ensure that no cuticular damage had occurred, which may have caused internal
fluids to leak. Samples corresponding to each fly were stored at -40°C for up to 10 days. Prior
to analysis, samples were evaporated with nitrogen and reconstituted in 20 µL of hexane
containing an internal standard (2 ppm pentadecane). A sample (1 µL) of this CHC extract was
then injected into a gas chromatography mass spectrometer (GC-MS; Agilent 7890 GC coupled
with an Agilent 7000 Triple-Quad MS and an Agilent 7693 Autosampler) fitted with an Rxi5ms column (20 m x 0.18 mm ID; d.f. = 0.18 µm) using helium as the carrier gas at a flow rate
of 0.8 mL/min. The inlet temperature was set to 270°C and injection was performed in splitless
mode. The column was held isothermally at 50°C for 1 minute, then ramped at a rate of
40°C/min to 180°C, before ramping at 5°C/min to 300°C. The mass spectrometer was operated
at 70 eV with a source temperature of 280°C and scanning was performed from m/z 40 to 500.

Retention indices were calculated by comparing peak elution times to those of a C7 - C40 alkane
standard (Majlat et al. 1974). Tentative peak identifications were made by comparing retention
indices to those published for other Chrysomya species (Pechal et al. 2014; Braga et al. 2016;
Paula et al. 2016). The abundance of each peak was calculated as the area under the peak and
was then divided by the abundance of the internal standard (2 ppm pentadecane). A logit
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transformation was used to normalize relative CHC abundance data (Warton and Hui 2011).
To consider the effect of sex, principal component analysis (PCA) was conducted on the
normalized dataset. Univariate analysis of variance (ANOVA) was performed on the extracted
principal components to test for significant differences in variation of CHC abundances
between male and female flies. All statistical analyses were performed using R 3.4.0 (R Core
Team 2017) and R packages Factoextra (Kassambra and Mundt 2017) and ggFortify (Tang et
al. 2016).

2.3.3 Behavioural analysis.
Choice tests were conducted to determine whether the absence of CHCs reduced the likelihood
of male-female or female-male interaction. Freshly-killed flies (decoys) were prepared by
freezing sexually mature individuals at -20°C for one hour, approximately one hour before
testing. Deceased flies were used to eliminate auditory and motion cues that might influence
copulatory behaviour. A total of 47 male decoys and 52 female decoys were prepared for each
treatment (washed and unwashed). Washed decoys were prepared by placing flies in a clean
glass certified vial (5 mL) with hexane (100 µL/fly) and gently vortexing intermittently for 5
minutes. These washed flies were individually removed with forceps, allowed to dry for 10
minutes, then rewashed and dried prior to testing. Hexane-cleaned forceps were then used to
affix washed and unwashed flies to a small paper triangle using transparent PVA glue. This
procedure was used in favour of pinning, since previous studies have shown that blowflies will
attempt to feed on haemolymph from pinned flies (Stoffolano et al. 1997).

To assess sexual behaviour, trials were conducted in a standardised experimental arena
(described below) (Supplementary material 1). Virgin flies (males and females), between 11
and 13 days of age, were used in all experiments. The behaviour of flies was recorded with a
CCTV recording system and six Samsung SCB-2000P digital cameras under standardised
laboratory light and temperature conditions (23°C ± 1°C). All trials took place between 1000
and 1700 hours from September to December 2015. Two female or two male decoys, one
washed and one unwashed, were randomly selected and placed at opposite ends of a sealed
transparent Petri dish (choice arena). Each choice arena was labelled with two distinct zones,
corresponding to the type of decoy they contained: ‘washed’ or ‘unwashed’. Both zones were
of equal area, and were separated by a no-choice zone in the centre of the arena. The side of
the arena on which zones were placed alternated between trials. Flies of opposite sex to the
decoys were randomly selected, anaesthetised with CO2, and placed in the centre of the arena.
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These flies were then allowed to acclimate for up to 5 minutes. Trials started as soon as the fly
was upright and began to move. Six behavioural trials were run concurrently, each for 30
minutes. The experimental arenas were surrounded with cardboard barriers to ensure that the
flies in each trial could not see each other or interact with their neighbours. Video footage of
the trials was analysed, and behaviour was quantified using Anymaze tracking software
(Stoelting Co.; Wood Dale, IL, USA). Only trials where flies left the no-choice zone within 5
minutes of acclimation were used for analysis, since if no movement occurred flies were
deemed behaviourally inactive.

Previous work has shown that under standardised experimental conditions, laboratory reared
Ch. varipes males will frequently court and attempt to mate with live females when confined
to transparent Petri dishes (Jones et al. 2017). However, preliminary experiments with deceased
females showed that, out of 24 behavioural trials, no courtship or mating was observed.
Nevertheless, in 13 of these trials males did approach and briefly investigate deceased females
using their proboscis and fore tarsi. As such, the parameters quantified for males during the
trials were: 1) time spent in a females ‘zone’, 2) time spent interacting with the female and 3)
number of interactions with a female. ‘Interactions’ were classed as any direct physical contact
between a male and a deceased female, or whenever a male directly faced and came within 5
mm of a female. For female trials, the same parameters were quantified. Parameters such as
proximity and contact are useful for determining preference, as they are an integral component
of mating behaviour in Ch. varipes. Specifically, males will pursue and orient towards females,
and it is not until the male is able to approach a stationary and receptive female that
characteristic courtship begins (Jones et al. 2017). Moreover, proximity and contact have both
been used previously to quantify mating preferences in other insects (Stoffolano et al. 1997;
Kuo et al. 2012).

In order to statistically test for preference, the total time a fly spent in each zone of the choice
arena, the number of times a fly interacted with a given decoy, and the total time spent
interacting with a decoy were scored. Preferences were determined from each individual
parameter. Overall preference was determined from the interaction preferences (i.e. a male was
scored as preferring whichever decoy he interacted with the most, based on the number of times
interacted and the amount of time spent interacting). In instances where the fly did not interact
with either decoy, the preference was deemed to be whichever zone they spent the most time
in. This allowed observations to be converted into count data, on which binomial probability
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testing was performed to determine if flies were exhibiting a preference towards unwashed
females more often than expected by chance.
2.4 Results
2.4.1 Chemical analysis
In total, 52 hydrocarbons common to both sexes (C23 to C33), were distinguished by GC-MS
analysis (Fig. 2.1). Although no qualitative differences between the sexes were evident,
quantitative differences were observed between the sexes in the relative percentages of 38
hydrocarbons (Table 2.1). In order to characterise the quantitative variation among the flies, a
PCA was performed, providing fifty-three distinct principal components. Only the first five
extracted components were considered for further analysis, as they collectively explained
81.03% of the total variance (Norman and Streiner 1994). The percentage of variance explained
was 31.89%, 26.14%, 12.90%, 5.68% and 4.43% for components 1, 2, 3, 4 and 5 respectively.
To assess whether there were significant differences between the variations of CHC
concentrations in male and female flies, univariate ANOVA was performed on extracted
principal components. Univariate analysis of three of the five principal components against sex
showed no significant relationship: PC3 (ANOVA: F1,54 = 0.135, P > 0.714); PC4 (ANOVA:
F1,54 = 0.007, P > 0.935); and PC5 (ANOVA: F1,54 = 2.879, P > 0.095). However, a significant
relationship was found between sex and PC1 (ANOVA: F1,54 = 71.597, P < 0.001) and PC2
(ANOVA: F1,54 = 18.080, P < 0.001). These results suggest that the variation in relative
concentrations of the peaks which strongly contributed to PC1 and PC2 were significantly
different between the sexes. The specific peaks contributing to the variation in these
components were determined using the criterion suggested by Mardia et al. (1979): those
variables with correlations greater than 0.7 times the largest correlation in an eigenvector were
considered to have contributed significantly to a principal component (Supplementary material
2).
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Figure 2.1 Total ion mass chromatograms of whole body extracts from (a) female and (b) male
Chrysomya varipes. The X-axis shows the retention time and Y-axis the detector response
(total ion count). The internal standard (C15) eluted at 4.96 minutes. The figures have different
values on the Y-axes. Relative abundances are given in Table 1.

The peaks which differed most substantially in their relative abundances between males and
females were peaks 2, 4, 51 and 52 for PC1 and peaks 3, 4, and 5 for PC2. Following tentative
identifications, Peak 2 was identified as a C24 alkane, peak 3 as a C24 methyl-branched CHC,
peak 4 as another methyl-branched CHC, peak 5 as a C25 alkene and peaks 51 and 52 as
dimethyl-branched alkanes. With respect to overall abundance, peak 21 (methyl-branched
CHC) was the predominant CHC expressed by males, representing 18.6% of the total CHCs
present on males and 13.5% on females. By contrast, peak 7 (methyl-branched CHC) was the
predominant CHC expressed by females, representing 16.9% of the total CHCs present on
females and 11.3% on males. Of note, out of all 52 peaks, peak 2 (n-alkane) showed the greatest
difference in relative concentration between the sexes, with females expressing seven times the
relative concentration of males (0.02% and 0.17%, respectively).
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Table 2.1 The relative abundances of the 52 cuticular hydrocarbon peaks identified from hexane
extractions of male and female Chrysomya varipes. Kovat’s indices were compared with published
literature values to inform tentative peak identifications. Peak numbers with asterisks represent
compounds that were significantly different between the sexes
Concentration (% ± S.D.)
Peak No.

Kovats

Compound ID
Male

Female

1*

2223

Unknown

0.352 ± 0.174

0.200 ± 0.091

2*

2399

n-C24

0.024 ± 0.014

0.170 ± 0.122

3*

2432

x-MeC24

0.202 ± 0.130

0.071 ± 0.042

4*

2438

11-;10-;9-MeC24

0.082 ± 0.028

0.303 ± 0.152

5*

2465

C25:1

0.582 ± 0.435

1.416 ± 0.508

6*

2503

n-C25

4.925 ± 1.296

8.729 ± 1.844

7*

2537

13-;11-MeC25

11.324 ± 3.050

16.846 ± 2.861

8*

2548

5-MeC25

0.579 ± 0.216

0.774 ± 0.150

9*

2561

11,15-DiMeC25

0.441 ± 0.186

0.495 ± 0.099

10

2571

3-MeC25

0.374 ± 0.151

0.350 ± 0.072

11*

2580

Unknown

0.262 ± 0.108

0.346 ± 0.072

12*

2584

Unknown

0.131 ± 0.048

0.259 ± 0.093

13*

2600

n-C26

2.440 ± 0.614

2.457 ± 0.505

14*

2632

13-MeC26

4.799 ± 0.528

4.558 ± 0.513

15

2643

5MeC26

0.243 ± 0.067

0.220 ± 0.040

16

2665

2-MeC26

8.388 ± 3.024

6.877 ± 1.178

17

2673

C27:1

0.172 ± 0.061

0.201 ± 0.044

18*

2684

Unknown

7.952 ± 1.805

9.549 ± 2.419

19*

2695

n-C27

2.234 ± 1.411

1.669 ± 0.391

20*

2704

x, y-DiMeC26

11.244 ± 3.442

8.290 ± 2.060

21*

2737

13-MeC27

18.593 ± 1.985

13.536 ± 1.874

22

2742

Unknown

1.184 ± 0.228

0.977 ± 0.195

23*

2750

7-MeC27

0.953 ± 0.188

0.584 ± 0.115

24

2760

9,15-DiMeC27

1.392 ± 0.309

0.912 ± 0.254

25*

2772

3-MeC27

0.603 ± 0.161

0.335 ± 0.070

26*

2778

x,y-DiMeC27

0.736 ± 0.110

0.509 ± 0.112

27*

2787

C28:1

0.417 ± 0.092

0.284 ± 0.084

28*

2800

n-C28

0.767 ± 0.244

0.572 ± 0.106

29*

2830

13-MeC28

0.714 ± 0.209

0.446 ± 0.092

30

2835

14-MeC28

0.175 ± 0.038

0.113 ± 0.035

31

2864

2-MeC28

5.181 ± 0.989

3.967 ± 0.597

24

32

2873

C29:1

0.165 ± 0.042

0.192 ± 0.056

33*

2883

3-MeC28

2.169 ± 0.848

1.538 ± 0.525

34

2892

Unknown

0.512 ± 0.153

0.370 ± 0.111

35*

2901

n-C29

2.347 ± 0.433

3.551 ± 0.545

36*

2929

15-,13-MeC29

1.817 ± 0.465

1.456 ± 0.224

37

2948

7-MeC29

0.190 ± 0.043

0.182 ± 0.059

38*

2955

13,17-DiMeC29

0.132 ± 0.040

0.098 ± 0.042

39

2961

2-MeC29

0.161 ± 0.032

0.136 ± 0.031

40

2972

3-MeC29

0.202 ± 0.053

0.203 ± 0.045

41*

2999

n-C30

0.231 ± 0.104

0.320 ± 0.139

42*

3028

14-MeC30

0.162 ± 0.041

0.197 ± 0.047

43*

3062

2-MeC30

1.422 ± 0.396

1.431 ± 0.268

44*

3075

Unknown

0.147 ± 0.038

0.224 ± 0.071

45*

3083

C31:1

0.412 ± 0.203

0.446 ± 0.245

46*

3088

6,16-DiMeC30

0.134 ± 0.030

0.147 ± 0.036

47*

3099

n-C31

0.373 ± 0.084

0.613 ± 0.161

48*

3129

15-,13-MeC31

0.0655 ± 0.209

0.969 ± 0.256

49

3138

9-;11-;13-;15-MeC31

0.259 ± 0.062

0.267 ± 0.083

50*

3159

15,19-DiMeC31

0.345 ± 0.100

0.599 ± 0.106

51*

3329

17-,15-MeC33

0.109 ± 0.050

0.239 ± 0.116

52*

3357

13,21-DiMeC33

0.201 ± 0.099

0.487 ± 0.194

2.4.2 Male behavioural assays
Out of 47 trials, consisting of 47 males and 94 female decoys, no courtship behaviour or mating
attempts were observed. Additionally, only 44.7% of males made any contact with at least one
of the female decoys. On average, behaviourally active males spent 29.7% of the trial time in
the unwashed zone and 4.5% of the trial time interacting with the unwashed female decoy (N
= 41). By contrast, these males spent an average of 22.8% of the trial time in the washed zone
and 0.9% of the trial time interacting with the washed female decoy (N = 41). Males did not
prefer unwashed female decoys over washed female decoys based on either the amount of time
spent interacting (binomial test: P = 0.5000), number of times interacted (binomial test: P =
0.2403), or time spent in zones (binomial test: P = 0.5000). Based on total preference, males
did not prefer unwashed female decoys over washed female decoys (binomial test: P = 0.2148).
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2.4.3 Female behavioural assays
Out of 52 trials, consisting of 52 females and 104 male decoys, 57.7% of females made contact
with at least one of the male decoys. On average, behaviourally active females spent 23.9% of
the trial time in the unwashed zone and 0.1% of the trial time interacting with the unwashed
male decoy (N = 42). By contrast, these females spent an average of 33.2% of the trial time in
the washed zone and 0.9% of the trial time interacting with the washed male decoy (N = 42).
Females did not prefer unwashed male decoys over washed male decoys based on either the
amount of time spent interacting (binomial test: P = 0.5760), number of times interacted
(binomial test: P = 0.3520), or time spent in zones (binomial test: P = 0.4360). Based on total
preference, there was no statistical evidence suggesting a female preference for unwashed male
decoys over washed males (binomial test: P = 0.5610).
2.5 Discussion
Despite evidence that CHCs mediate sexual behaviour in Drosophilidae and Muscidae, their
importance in other fly families, such as the Calliphoridae, remains unclear. The present study
aimed to determine the extent to which CHCs are sexually dimorphic in an endemic and
widespread Australasian blowfly, Ch. varipes, and to assess whether CHCs play a role in sexual
attraction.

The cuticular profile of Ch. varipes comprised 52 unique hydrocarbons, ranging in length from
C23 to C33. The CHCs of Ch. varipes were tentatively identified by comparison of Kovat’s
retention indices with those published for other species of Chrysomya (Pechal et al. 2014;
Braga et al. 2016; Paula et al. 2016). Based on these comparisons, the cuticular profile of Ch.
varipes appears to consist mostly of mono- and di-methyl-branched alkanes, with moderate
quantities of n-alkanes, and with alkenes at the lowest relative abundance. This composition is
similar to that previously reported in blowflies (Paula et al. 2016) and other fly taxa (Caputo et
al. 2007; Oliveira et al. 2011; Curtis et al. 2013). Specifically, Ch. varipes shares 37% of CHCs
with Ch. rufifacies, 43% with Ch. megacephala and 69% with Ch. putoria. Such interspecific
variation prompts a wider investigation of blowfly CHCs, as these compounds may facilitate
conspecific identification for a number of species.

Analysis of CHC composition revealed no qualitative differences between the sexes. This
suggests that CHCs might not be a critical component of sexual communication in this species,
primarily because in many insects it is the presence of one or more sex-specific pheromones
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that mediate sexual behaviour. However, sex-specific CHCs have been reported in other
blowflies, including Calliphora vomitoria (Trabalon et al. 1992; Roux et al. 2008), Lucilia
cuprina and Hemilucilia segmentaria (Barbosa et al. 2017). Future research into the
behavioural role of blowfly CHCs should target these species. Nevertheless, sexual selection
on CHCs can also result in quantitative sexual differences (Caputo et al. 2005; Curtis et al.
2013; Bontonou and Wicker-Thomas 2014). In the present study, quantitative sexual
differences were observed in 8 n-alkanes, 22 methyl-branched alkanes and 3 alkenes. Similar
differences have also been found in other blowfly species (Brown et al. 1998; Spradbery 2002;
Bernhardt et al. 2017).

The exact relationship between the structure and function of insect CHCs is still unclear.
Generally however, due to their structural diversity and low melting points, short-chained
methyl-branched alkanes and alkenes are the hydrocarbons that most commonly function as
communicative signals in insects (Chung and Carroll 2015), particularly in flies (Carriére et al.
1988; Doi et al. 1997; Mas and Jallon 2005; Wicker-Thomas 2007). For this reason, because
quantitative differences were observed for several methyl-branched alkanes and alkenes, it is
possible that these CHCs serve a communicative function in Ch. varipes. In comparison to
methyl-branched alkanes, long-chained n-alkanes are generally thought to function as
waterproofing molecules, primarily because they aggregate more tightly on the cuticle due to
a greater number of van der Waals bonds, a property that is enhanced with increasing chain
length (Menzel et al. 2017). However, sexual differences were also observed for a range of nalkanes. Further to this, the greatest difference in relative abundance between the sexes was
seen for peak 2, an n-alkane which was seven times more abundant in females than in males.
This hydrocarbon was tentatively identified as tetracosane (C24), which has also been reported
as sexually dimorphic in two other blowflies: L. cuprina and H. segmentaria (Barbosa et al.
2017). Although it is less common for n-alkanes to function as sexual signals, tetracosane has
been shown to act as a close-range pheromone in both the whitemarked tussock moth, Orgyia
leucostigma (Grant et al. 1987) and the tea weevil, Myllocerinus aurolineatus (Sun et al. 2017).
Accordingly, it is possible that the sexually dimorphic alkanes we identified also act as contact
pheromones in Ch. varipes, possibly in conjunction with the other sexually dimorphic CHCs.

Although a range of CHCs are sexually dimorphic in Ch. varipes, behavioural assays of flies
revealed that males would not court or mate with decoy females. More so, males did not prefer
to interact with unwashed decoys over washed decoys, providing no evidence that female
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CHCs were sexually attractive to males. Amongst insects that are known to use CHCs as
pheromones, even CHC extracts are usually sufficient to initiate behavioural reactions (McKay
and Hatchett 1984; Gotoh et al. 1999; Pinto et al. 2013; Shimomura et al. 2015; Sun et al.
2017). More so, the strongest reactions are often observed in response to a blend of cuticular
compounds - as would be found on the cuticle of a freshly killed fly (Ruther et al. 2011;
Svensson et al. 2014). In the present study, even though the full range of CHCs was present on
unwashed female decoys, there was no evidence that this blend stimulated attraction or mating
behaviour from males. It is therefore unlikely that initial attraction of male Ch. varipes is
mediated by hydrocarbons found on the female cuticle. Instead, male attraction and courtship
might be stimulated by female behaviour, perhaps in combination with particular aspects of
female morphology. For example, in the blowfly Lucilia sericata, it has been shown that males
are strongly attracted to flashes of light reflected by the moving wings of females (Eichorn et
al. 2017). It is likely that similar visual cues from moving females are critical to male attraction
in Ch. varipes.

While it is typical in many insect species for the male to respond to chemical cues emitted by
the female, there are also numerous examples where female behaviour is influenced by male
pheromones (Ferveur 2005; Bontonou and Wicker-Thomas 2014; Bachmann et al. 2015).
Therefore, the sexual dimorphism reported in the present study may be the result of sexual
selection on male CHCs. However, behavioural assays showed that female Ch. varipes did not
exhibit a preference for unwashed male decoys over washed male decoys, providing no
evidence that male CHCs were attractive to females. It is therefore likely that as with males,
non-chemical cues, such as morphology and behaviour, are the key traits facilitating female
attraction. This notion is supported by research showing that female mate choice in Ch. varipes
is heavily influenced by the leg ornamentation and courtship displays of males (Jones et al.
2014). Specifically, it is likely that male courtship behaviours, such as orienting and arching
(which may increase the visibility of male ornamentation) and tapping (which may act as a
stimulatory tactile cue), are crucial for eliciting female attraction (Jones et al. 2017).

Overall, there was no evidence that CHCs facilitate sexual attraction in Ch. varipes, which
raises the question: why are CHCs sexually dimorphic in this species? The present study is not
the first to discover that CHCs serve no apparent function in insect sexual communication
(Weiss et al. 2015; Keppner et al. 2016; Lubanga et al. 2016). In these studies, different classes
of chemicals appear to mediate communication, or alternate signal modalities are in operation.
28

It is possible that communication in Ch. varipes operates in a similar way. Visual systems are
known to be well developed in blowflies, with many species possessing large, sexually
dimorphic eyes that are likely to facilitate visual-mediated sex recognition. In fact, some
observers have suggested that visual stimuli are the primary trigger for mating in blowflies
(Stoffolano et al. 1997). It may therefore be possible that the evolution of complex sex-specific
courtship displays in Ch. varipes (a trait unique amongst carrion-breeding blowflies) has
shifted the primary mode of communication from chemical to visual. If this is the case, the
sexually dimorphic CHCs observed in Ch. varipes might simply be an evolutionary relic.

An alternative explanation as to why CHCs alone did not facilitate sexual attraction is that
CHCs only serve this function when operating in synergy with behaviour. Amongst many
insects, it is common for CHCs to have relatively weak effects on mating behaviour in isolation,
but to act as powerful synergistic signals in combination with other pheromone components
and behaviour (Xiao et al. 2012; Shimomura et al. 2015). Therefore, the persistence of sexually
dimorphic CHCs in Ch. varipes may be explained by slight, yet beneficial, preferences for
CHCs during courtship. Because the present study did not conduct preference tests using live
flies (which may be required to elicit initial courtship and sexual attraction) it is not possible
to definitively conclude whether CHCs play a role in sexual attraction. Future studies will need
to consider the possible synergistic effects of CHCs in Ch. varipes; this could be achieved by
exploring the influence of CHC concentrations on mating success, and the role of CHCs in
combination with mating behaviour (Curtis et al. 2013). Finally, it is also possible that the
observed sexual dimorphism may be driven by natural selection, rather than sexual selection,
due to the fitness benefits associated with the waterproofing or antimicrobial properties of
CHCs (Gołębiowski et al. 2013; Stinziano et al. 2015). This seems unlikely for Ch. varipes
however, as there are no obvious differences between male and female life histories, and adult
males and females inhabit similar environments. Nevertheless, a recent study by Stinziano et
al. (2015) demonstrated that males and females of D. melanogaster differentially express CHCs
in response to desiccation stress. This suggests that the mechanisms controlling CHC
expression differ between males and females, a characteristic that may extend to other fly taxa.
Given the substantial diversity and variation of blowfly CHCs, and the strong effects of factors
such as temperature and humidity on CHC expression (Ingleby et al. 2013; Ingleby 2015)
consideration should be given to environmental factors as drivers of both intra- and interspecific divergence in CHC expression.
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In conclusion, this study is only the third to combine CHC profiling with behavioural assays in
blowflies, and the third to demonstrate that CHCs do not appear essential for the onset of sexual
attraction in this family. Although CHCs are ubiquitously produced by insects, we provide
evidence that CHCs may not always be required to initiate mating behaviour in flies. However,
there are still numerous blowfly species where the structure and function of CHCs remains to
be investigated. In order to enhance our understanding of blowfly CHCs, and to determine their
general function in flies, it is crucial that future studies are performed across a wider range of
dipteran taxa. Such work will advance our understanding of the general role of CHCs in insect
sexual communication.
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Chapter 3. Major transitions in cuticular hydrocarbon expression
coincide with sexual maturity in a blowfly (Diptera: Calliphoridae)

3.1 Abstract
In many animals, there is a prolonged pre-reproductive period prior to sexual maturity. To
avoid premature mating attempts, it is common for phenotypic changes to occur during this
period that signal the onset of reproductive viability. Among the insects, pre-reproductive
phases can last for up to 50% of the adult life span, but little is known of the accompanying
phenotypic changes that signal sexual maturity. Contact pheromones such as cuticular
hydrocarbons (CHCs) may fulfil this role as they are known to change rapidly with age in many
insects. Despite this, few studies have investigated CHC development in the context of sexual
maturity or considered differences in CHC development between sexes. The blowflies
(Diptera: Calliphoridae) provide an ideal system for such studies because CHCs are known to
change rapidly with age, and likely play an important role in sexual behaviour. As such, using
the small hairy maggot blowfly Chrysomya varipes, we test whether there are age- and sexspecific changes in CHCs over the course of adult blowfly maturation. We show that: 1) major
qualitative transitions in CHC expression coincide with the onset of sexual maturity, and 2)
these changes occur more slowly in females – in line with their extended pre-reproductive
phase. We suggest that CHCs may play an important role in signalling sexual maturity in the
small hairy maggot blowfly and that this species will likely serve as a useful model for
understanding the complex ontogeny of cuticular hydrocarbon development in insects.
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3.2 Introduction
Sexual maturation is a particularly important step in animal life history, the timing of which is
dependent on a range of environmental and genetic factors (Bernardo 1993). While many
animals are reproductively viable shortly after reaching adulthood – numerous species exhibit
a substantial delay between the onset of adulthood and full sexual maturity. Examples include
the prolonged pre-reproductive phases of corroboree frogs (three to five years) (McFadden et
al. 2013) and female mosquitoes prior to a bloodmeal (O’Meara and Lounibos 1981). These
pre-reproductive phases have likely evolved due to a variety of distinct selective pressures.
Such pressures include, reproductive resources being unpredictably scattered (Thornhill and
Alcock 1983), time for acquisition of sufficient energy reserves prior to intrasexual conflicts
(Campanella and Wolf 1974), costly development of ovaries or the production of
spermatophores (Stay and Roth 1958), reduction of the generation of reactive oxygen species
by slowing reproductive development (Guerra et al. 2012), or preventing close inbreeding
between newly emerged adult relatives (by creating a reproductive barrier prior to dispersion)
(Bukowski and Avilés 2002).

During this pre-reproductive adult phase, both sexes can be expected to have some way of
signalling their sexual maturity to conspecifics to avoid costly and fruitless mating attempts.
Thus, in many animals, the progression from pre-reproductive to sexually mature adult is often
accompanied by changes in secondary sexual traits; such as the facial hair of humans (Dixson
and Rantala 2016), the mane of lions (West and Packer 2002), and the antlers of reindeer
(Leader-Williams 1979; Markusson and Folstad 1997). These traits often perform dual roles in
sexual behaviour, potentially acting as honest signals of quality, while simultaneously
advertising that an individual is sexually mature and ready to reproduce. In circumstances
where these traits are not sexually dimorphic, there can instead be sex-specific differences in
the rates at which they develop.

Within the insects, prolonged pre-reproductive adult phases are particularly common
(Thornhill and Alcock 1983); lasting two to 14 days in female Diptera (Boyce 1934; Teskey
1969; Fowler 1973), seven days in some male Lepidoptera (Scott 1973), and up to several
weeks in some Odonata (Corbet 1980). While there are likely to be numerous phenotypic traits
that develop during this pre-reproductive adult phase and signal sexual maturity (Arienti et al.
2010; Khan and Herberstein 2019), in most insect taxa it is unclear which traits act as such
signals. One phenotypic trait that may fulfil this function are cuticular hydrocarbons (CHCs) 35

long-chained hydrocarbons expressed on the cuticle of all insects, which act as close-range
pheromones in numerous species (Kuo et al. 2012). These compounds are known to change
greatly during insect development, with stark age-related changes in compound composition
and concentrations in several taxa (Culicidae: Caputo et al. 2005; Desena et al. 1999;
Tephritidae: Vaníčková et al. 2012; Drosophilidae: Jackson and Bartelt 1986; Cerambycidae:
Brodie at al. 2012; Vespidae: Neves et al. 2012; Panek et al. 2001, Apidae: Vernier et al. 2019).
Additionally, these characteristic changes in CHC expression appear to be key drivers for the
onset of sexual attraction, particularly in flies (Drosophilidae: Silhacek et al. 1972; Arienti et
al. 2010; Calliphoridae: Trabalon et al. 1988).

Despite this, relatively few studies have considered how these developmental changes in CHCs
progress during the pre-reproductive adult phase of insects, or whether the rates of CHC
development differ between the sexes. It would be expected, however, that where CHCs play
a role in signalling sexual maturity, any major changes in CHC expression should coincide
approximately with the onset of sexual maturity. Indeed, this was highlighted by Arienti et al.
(2010) who showed that the major female CHCs of Drosophila melanogaster were not
expressed until the onset of sexual maturity (~24 hours after eclosion), and that only females
with these compounds triggered all stages of male courtship (including mating attempts). In
addition, in circumstances where the timing of sexual maturity differs substantially between
the sexes, it might also be expected that the rates of CHC development will be sex-specific.

The blowflies (Diptera: Calliphoridae) provide an ideal system to investigate CHC
development in the context of sexual maturation. Many species show a substantial delay in
sexual maturation, whereby, following eclosion, males mature within two to four days
(Mackerras 1933; Bartell et al. 1969). By contrast, females can take anywhere from three to 12
days to mature and often require a protein meal to complete ovarian development (Mackerras
1933; Norris 1959; Bartell et al. 1969; Browne et al. 1976; Laurence 1988). Additionally, a
substantial body of work has shown that, as is the case in Drosophila melanogaster, CHCs
change drastically over the lifespan of adult blowflies, often coinciding with the onset of sexual
maturity (Trabalon et al. 1992; Roux et al. 2008; Pechal et al. 2014; Braga et al. 2016; Bernhardt
et al. 2017). However, this work has been primarily in a forensic context, with little
consideration given to the selective pressures driving the relationship between CHC
development and sexual maturity. As such, the present study addresses this knowledge gap
using the small hairy maggot blowfly Chrysomya varipes as a model system. In this
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Australasian species, there is strong sexual selection by females (suggesting high costs
associated with female mating), and male courtship behaviour is highly complex and
stereotyped (Jones et al. 2014; Jones et al. 2017). Females exhibit a prolonged pre-reproductive
phase, taking approximately seven days post-eclosion to become sexually receptive, in contrast
to three to four days in males (Jones et al. 2014; Jones et al. 2017). We expect that given the
high costs associated with female mating, avoiding premature mating attempts by signalling
sexual maturity is likely to be particularly important in this species. Subsequently, we predict
that stark changes in CHC expression will coincide with sexual maturity in this blowfly, and
that rates of CHC development will be sex-specific, occurring more slowly in females and in
line with the prolonged female pre-reproductive phase.
3.3 Methods
3.3.1 Insect stocks
Established F13 lines of Ch. varipes were provided with 100 g of kangaroo mince (held in a
plastic weigh boat) as an oviposition medium. Once eggs were laid, the meat was removed and
isolated in a plastic rearing container (130 x 190 x 70 mm) with a fine mesh top. The bottom
of the container was covered with chaff as a pupariation medium, and the weigh boat containing
the larvae was placed atop the chaff. Extra kangaroo mince (~200 g) was provided to the larvae
to ensure that food was not limiting. Upon pupariation, 100 pupae were each transferred into a
smaller plastic eclosion container (60 x 85 x 50 mm) with a fly screen lid. Each individual was
provided with a constant supply of granulated raw sugar, and water delivered via a cotton dental
roll serving as a wick. Flies were also provided with a small portion (~5 g) of kangaroo mince
as a food source for reproductive development. Within 24 hours of eclosion, five individuals
of each sex were removed and their CHCs extracted with hexane (thus constituting the ‘Day 1’
cohort). Subsequently, five individuals of each sex were taken at days 2, 3, 5, 7 and 11. Eleven
days is the point at which all individuals were sexually mature and expected to exhibit adult
cuticular profiles (Jones et al. 2017).
3.3.2 Chemical analysis
Cuticular hydrocarbons were extracted from five individual male and female flies at 1, 2, 3, 5,
7, and 11 days of age (N = 60 flies) by immersion in 100 µL of n-hexane in a 300 µL glass
insert. Each fly was immersed for 5 min, gently vortexed once using an S.E.M. vortex mixer
(Adelab Scientific, Australia), and then removed from the solution. Washed flies were
inspected following extraction to ensure that no cuticular damage had occurred, which may
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have caused internal fluids to leak. Samples corresponding to each fly were stored at -40°C for
up to 10 days. Prior to analysis, samples were evaporated with nitrogen and reconstituted in 20
µL of hexane containing an internal standard (2 ppm pentadecane). A sample (1 µL) of this
CHC extract was then injected into a gas chromatography mass spectrometer (GC-MS; Agilent
7890 GC coupled with an Agilent 7000 Triple-Quad MS and an Agilent 7693 Autosampler)
fitted with an Rxi-5ms column (20 m x 0.18 mm ID; d.f. = 0.18 µm) using helium as the carrier
gas at a flow rate of 0.8 mL/min. The inlet temperature was set to 270°C and injection was
performed in splitless mode. The column was held isothermally at 50°C for 1 min, then ramped
at a rate of 40°C/min to 180°C, before ramping at 5°C/min to 300°C. The mass spectrometer
was operated at 70 eV with a source temperature of 280°C and scanning was performed from
m/z 40 to 500.
3.3.3 Pre-treatment of data
Peaks were selected between C21 and C40, and only those that occurred in at least three
specimens were manually integrated using Masshunter qualitative analysis B06.00. Retention
indices were calculated by comparing peak elution times to those of a C7-C40 alkane standard.
Tentative compound identifications were made using retention indices, literature comparisons,
and analysis of mass spectra. Peak areas from all flies were then aligned by their retention
indices using R package ‘GCalignR’ (Ottensmann et al. 2018) and manually inspected to assure
conformance. Data were then converted to relative abundances by dividing the area of each
peak by the total peak area, followed by the addition of a small constant (0.01) to remove
zeroes. For quantitative comparisons, data were transformed by centered log ratio with R
package ‘Hotelling’ (Curran 2018) and autoscaled using the inbuilt R function (R Core Team
2019) following Hervé et al. (2018). For qualitative comparisons, raw data were instead
converted to a binary matrix, where compound absence was represented by ‘0’ and presence
by ‘1’, followed by transformation into a similarity matrix using the ‘dist.binary’ function
(using the simple matching coefficient of Sokal and Michener 1958, whereby double zeros are
considered as similarities) of the R package ade4 (Dray and Dufour 2007).
3.3.4 Statistical analysis
To test whether the quantitative differences of CHCs sufficiently discriminated ages, while also
accounting for the effect of sex, redundancy discriminant analysis (RDA) was performed on
the entire transformed dataset using the R packages ‘vegan’ (Oksanen et al. 2019) and
‘RVAideMemoire’ (Hervé 2019). To validate the effect of age and sex on CHC variation, the
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total percentage of constrained variance explained by age and sex was estimated by a canonical
R2 called the ‘bimultivariate redundancy statistic’ (Miller and Farr 1971; Peres-Neto et al. 2006;
Hervé et al. 2018). For our dataset, age, sex, and their interaction explained 71% of the total
chemical variation, meaning that 29% of the variation was unexplained by these factors, likely
resulting instead from the genetic variation between individuals. To confirm that this
constrained variance was explaining a significant proportion of the compositional data, a
permutation F-test based on the canonical R2 was performed (Legendre and Legendre 2012;
Hervé et al. 2018). For our dataset, the test was declared significant (P = 0.001), which implies
that the chosen factors (age and sex) explained a substantial portion of the total quantitative
chemical variation. As such, to test for the individual effects of the factors, a second
permutation F-test was performed for age, sex, and the age × sex interaction. A pairwise
comparison using the function ‘pairwise.factorfit’ from ‘RVAideMemoire’ was then used to
specifically assess which ages (in the context of sex) differed from each other.

To assess whether qualitative differences also separated age, the binary data were analysed
using principal coordinate analysis (PCoA). As a final step, a pairwise comparison using the
function ‘pairwise.factorfit’ from ‘RVAideMemoire’ was used to specifically assess which
ages (in the context of sex) differed from each other.
3.4 Results
A total of 60 flies were analysed, with 80 unique compounds being identified across all samples
(ranging from 21 to 35 carbon atoms in length). Profile composition changed significantly
during adult maturation, with substantial qualitative and quantitative changes occurring
between days 1 and 11. In females, the greatest profile shifts were observed between days 3
and 5, whereas in males this occurred between days 2 and 3 (Figure 3.1). Generally, all
quantitative and qualitative changes in compounds were mirrored between the sexes, however
these changes occurred at completely different rates – approximately two days slower in
females, in line with the prolonged female pre-reproductive phase. Further, sex-specific
differences in the number of expressed CHCs were observed. On the day of emergence, females
expressed on average 69 CHCs, whereas males expressed 70 CHCs. By 11 days of age females
expressed on average 55 CHCs and males expressed only 51 CHCs. On average, the CHC
profiles of younger flies consisted of high proportions of monomethylalkanes and
dimethylalkanes, while the CHC profiles of older flies consisted of substantially reduced
dimethylalkane proportions, and increased proportions of n-alkenes and n-alkanes (Figure 3.2).
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A number of compounds that were not detected, or expressed only in minor amounts upon
eclosion, were expressed as highly predominant peaks at sexual maturity (11,13-DiMeC27,
C27:1). In fact, several compounds increased substantially and linearly with age (C25, 9,11DiMeC25, C26, C27:1), while several others decreased substantially and linearly (2MeC29,
C29, 2,XDiMeC28, 9MeC29, 14MeC30). Interestingly, the expression of some compounds
also changed in a non-linear fashion, with considerable variation between individuals; for
example 2,6DiMeC26, C27 and 7MeC25, 7MeC27. Broadly, it appears that during maturation
there is also a major shift in the chain lengths of CHCs that are expressed, from longer chain
hydrocarbons (C29 to C33) in young flies to shorter chain hydocarbons (C25 to C28) in
sexually mature flies.

Figure 3.1 Age-related changes in CHC profiles of adult Chrysomya varipes. A substantial shift from
longer hydrocarbons to shorter hydrocarbons is seen around the onset of sexual maturity in both sexes
(3 days in males, 7 days in females). Total ion chromatograms of whole body extracts of one- to 11day-old male (M) and female (F) Chrysomya varipes are presented. The figures have different values
on the Y-axes. Relative abundances and peak identifications are given in Supplementary material 1.
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Regarding quantitative differences, the RDA suggested that age and sex both explained a
significant proportion of overall quantitative chemical variation. Of the constrained variance
(the variance explained by age and sex; accounting for 71% total quantitative variation),
discriminant components 1-5 collectively accounted for 94.26% of the constrained variance,
and a permutation F-test suggested that each factor within our model individually explained a
significant proportion of this variation: sex (PERMANOVA: F(1,48) = 8.49, P < 0.01), age
(PERMANOVA: F(5,48) = 17.56, P < 0.001) and their interaction (PERMANOVA: F(5,48) = 4.26,
P < 0.001). Quantitative differences in RDA components (Figure 3.3) show that the rate of
development differs between the sexes; with males exhibiting quantitatively mature profiles by
day 5, while females do not reach this point until day 7. To subsequently determine which ages
differed significantly in the context of sex, pairwise comparisons were made, which revealed
that almost all ages were significantly different based on quantitative amounts of CHCs (Table
3.1). The greatest quantitative decreases were seen in 9MeC29, which comprised 16% of the
female profile and 15% of the male profile at day 1, but by day 11 constituted only 0.32% in
females and 0.40% in males. Large decreases were also seen in 11,13MeC31 which made up
12% in females and 11% in males at day 1, but only 0.87% in females and 0.53% in males by
day 11. Conversely, large increases were observed in 11,13MeC27 which was 1% in females
and males at day 1, and 16% in females and 22% in males by day 11, and in 9,11MeC25 which
was at 0.02% in females and 0.02% in males at day 1, and 15% in females and 11% in males
by day 11 (Supplementary Material 1).
Table 3.1 Results of pairwise comparisons based on the RDA, assessing quantitative differences in
CHCs between sexes and ages of Chrysomya varipes. Bold numbers indicate non-significant
comparisons. (M: Male, F: Female).
RDA
1:M
2:F
2:M
3:F
3:M
5:F
5:M
7:F
7:M
11:F
11:M

1:F
0.25
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

1:M
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

2:F
NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

2:M
NA
NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

3:F
NA
NA
NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

3:M
NA
NA
NA
NA
NA
0.06
<0.05
<0.05
<0.05
<0.05
<0.05
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5:F
NA
NA
NA
NA
NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05

5:M
NA
NA
NA
NA
NA
NA
NA
0.80
0.84
0.62
<0.05

7:F
NA
NA
NA
NA
NA
NA
NA
NA
0.67
0.54
<0.05

7:M
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.76
<0.05

11:F
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
<0.05

Regarding qualitative differences, components 1-5 from the PCoA collectively explained
63.42% of the overall qualitative variation. Qualitative differences in the first two of these
PCoA components for both sexes (Figure 3.4) reveal that sexual differences in the rate of
qualitative changes are not as pronounced as quantitative changes; with males and females both
taking approximately 11 days to exhibit qualitatively mature profiles. Nevertheless, to
determine which ages differed significantly in the context of sex, pairwise comparisons were
made, which revealed that only some ages were significantly different based on qualitative
differences (Table 3.2). Notably, the CHC profiles of day 1 males and females were not
significantly different, and most major qualitative differences occurred between days 2 and 3.
From day 5 onwards male and female profiles were not qualitatively different. The greatest
qualitative change was seen in C27:1 which was not detectable in females or males at day 1
but was at 13% in both females and males by day 11.

.

Figure 3.4 Discriminant plot of discriminant factors 1 (DF1) and 2 (DF2) from the PCoA,
showing the qualitative variation in CHC profiles of male and female Chrysomya varipes over
age.
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Table 3.2 Results of pairwise comparisons based on the PCoA, assessing qualitative differences in
CHCs between sexes and ages of Chrysomya varipes. Bold numbers indicate non-significant
comparisons. (M: Male, F: Female).
PCoA

1:F

1:M

2:F

2:M

3:F

3:M

5:F

5:M

7:F

7:M

11:F

1:M
2:F
2:M
3:F
3:M
5:F
5:M
7:F
7:M
11:F
11:M

0.12
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

NA
0.07
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
NA
0.63
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
NA
NA
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
NA
NA
NA
0.13
<0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
NA
NA
NA
NA
0.05
<0.05
<0.05
<0.05
<0.05

NA
NA
NA
NA
NA
NA
NA
0.54
<0.05
<0.05
<0.05

NA
NA
NA
NA
NA
NA
NA
NA
0.98
0.05
0.05

NA
NA
NA
NA
NA
NA
NA
NA
NA
<0.05
<0.05

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.05

3.5 Discussion
For many insects, a substantial proportion of adult life is spent in a pre-reproductive state, and
it is expected that, as individuals develop, there will be changes in phenotypic traits that signal
sexual maturity and reproductive viability. Cuticular hydrocarbons may fulfil this role, as they
are widespread insect pheromones, and it is well known that their expression changes with age.
Despite this, few studies have attempted to investigate how CHC expression coincides with
sexual maturation, or whether rates of CHC development are sex specific. Here, using the small
hairy maggot blowfly Ch. varipes as a model, we demonstrate rapid qualitative and quantitative
changes in CHC expression that coincide with the onset of sexual maturation, and that male
and female CHC development is sex specific, occurring more slowly in females, in line with
the prolonged female pre-reproductive phase in this species.

In total, we identified 80 CHCs across all ages of Ch. varipes; 69 CHCs were expressed in prereproductive one-day-old flies, and 55 were expressed in sexually mature 11-day-old flies. The
profiles of sexually mature adults align with our previous study on Ch. varipes where we
identified a total of 52 CHCs (Butterworth et al. 2018). However, comparing the profiles of
one- and 11-day-old flies suggests substantial age specific differences in the qualitative
expression of CHCs, with ~25 CHCs produced in pre-reproductive adult flies that are not
expressed in sexually mature adults. There were also numerous quantitative changes with age:
the largest differences were seen in 9MeC29, which decreased from 15% in both sexes at day
1 to near undetectable levels by day 11, and 11,13MeC31, which decreased from >10% in both
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sexes at day 1 to 0.9% in females and 0.5% males by day 11. Conversely both 9,11MeC25 and
C27:1 increased linearly with age, from near undetectable levels in both sexes on day 1, to 1115% of the overall cuticular profile in both sexes by day 11. While these were the largest
changes in CHC expression, they are not necessarily the most biologically important. In line
with this, there were changes in the expression of almost every CHC in the profile with age,
several of which were comparatively minor in magnitude but may nonetheless be biologically
important. It is well known that minor quantitative changes in multiple CHCs can greatly alter
the physiology of the cuticle - and it is often a complex mixture of CHCs that is involved in
sexual recognition (Ferveur 2005; Wicker-Thomas 2007).

Further to this, a general trend was observed whereby younger flies predominantly expressed
longer hydrocarbons (C29 to C33), whereas older flies expressed shorter hydrocarbons (C25
to C28). This shift towards shorter CHCs being expressed with increasing age, as well as an
increase in monoenes (C27:1) and monomethylalkanes (9,11MeC25), mirrors age-related
changes in the CHC profiles of numerous other insects (Wakonigg et al. 2000). This is
particularly so in other schizophoran flies such as Anastrepha fraterculus, where shorter CHCs
become more abundant with age, and the proportion of monoenes increases in both sexes
(Vaníčková et al. 2012). Likewise, in the blowfly Calliphora vomitoria there is a progressive
change towards shorter chain lengths with age in both sexes (Trabalon et al. 1992), and in
Drosophila species where shorter chain CHCs (C23 – C29) become more abundant with age,
and in which monoenes increase rapidly after 12 hours post-eclosion (Jackson et al. 1986;
Arienti et al. 2010). This raises several questions: Is there an adaptive purpose for a shift from
longer to shorter hydrocarbon chain lengths? How might this relate to the role of CHCs during
sexual development?

While it is clear is that these changes coincide with the onset of sexual maturity in Ch. varipes,
the selective pressures driving this relationship are unknown. Do age-related changes in CHCs
serve an adaptive purpose? Alternatively, are they merely a consequence of the hormonal and
ontogenetic changes in metabolism that occur with age? One answer to these questions comes
from previous research in muscid and drosophilid flies. In both taxa, age-related changes in
CHC expression can be perceived by adult conspecifics and are responsible for the onset of
attraction at sexual maturity – therefore signalling adult reproductive viability (Silhacek et al.
1972; Arienti et al. 2010). While the changes in CHC expression in these species may have (at
some stage in evolutionary history) been a side-effect of ontogenetic changes in metabolism,
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both studies provide evidence that the correlation between CHC expression and sexual maturity
has likely been maintained by sexual selection.

As such, we suggest that the correlation between CHC development and sexual maturation
observed in Ch. varipes may fulfil the same purpose – to signal the onset of sexual maturity
and female reproductive viability. Especially considering that the changes coincide closely
with the age of sexual maturity - approximately 7 days (Jones et al. 2014) - and that the rates
of CHC development are slower in females, in line with females having a longer prereproductive phase than males. Furthermore, this function may be widespread in blowflies, as
many species change CHC expression when transitioning from pre-reproductive to mature
adults (Bernhardt et al. 2017). For example, the pre-reproductive phase of Chrysomya rufifacies
lasts 7-10 days (Mackerras 1933), which correlates with the development of their adult CHC
profile (Pechal et al. 2014). Additionally, C. vomitoria females take 120 hours to become
sexually mature, their CHC profiles stabilise after the same period, and this corresponds with
the onset of male attraction (Trabalon et al. 1992). However, to support the claim that these
CHCs signal sexual maturity in blowflies, behavioural bioassays are required. This could be
achieved by masking the CHCs of pre-reproductive individuals with CHCs from sexually
mature individuals and assessing whether this results in premature mating attempts.

While it is plausible that these age-related CHC transitions signal sexual maturity in blowflies,
an important related consideration is why blowflies exhibit such prolonged pre-reproductive
phases at all. Like any physiological trait, the rate of sexual maturation in adult insects is
variable, and subject to selection (Thornhill and Alcock 1983). One selective pressure that can
cause such prolonged pre-reproductive phases is the high fitness cost of close inbreeding, as
reported in the subsocial spider Anelosimus jucundus (Thornhill and Alcock 1983; Bukowski
and Avilés 2002). The likelihood of close inbreeding is particularly high in insect species where
adult emergence occurs synchronously, and from the same resource, as is the case in many
blowflies such as Ch. varipes (pers obs.). By prolonging the pre-reproductive phase during the
initial period of adult dispersal, the opportunities for sibling males and females to mate with
each other shortly after emerging is limited. This reasoning may also explain the differences in
the timing of sexual maturation between the sexes. Importantly, this extended pre-reproductive
period incurs selective pressure on any sexually mature individuals to recognise the
reproductive status of potential mates they encounter – as mating with pre-reproductive adults
would incur high fitness costs to both parties. This likely explains the evolution of phenotypic
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traits that signal sexual maturity, such as CHCs.
However – a second key consideration is that the correlation between CHC development and
sexual maturity may be the result of ecological selection, rather than sexual selection. For
instance, it is well known that CHCs are heavily involved in desiccation tolerance (Chung and
Carroll 2015; Sprenger and Menzel 2020). It is likely that the ecological pressures experienced
by the larvae differ substantially from those experienced by the adult, particularly in regard to
desiccation stress. It is probable that these differences in ecology between larval and adult
stages have driven the evolution of larval- and adult-specific CHC profiles. In fact, it is well
established that CHC expression changes greatly between larval, pupal, and adult stages in
several blowfly species (Roux et al. 2008). It may therefore be the case that the suite of CHCs
required during the larval stage constrains the types of CHCs that can be expressed during adult
eclosion. Subsequently, the transition from larval to adult CHC profile may be a gradual
process, as alterations in CHC expression and the synthesis of new CHCs (such as C27:1 in
Ch. varipes) require numerous changes to gene expression and metabolic pathways (Chung
and Carroll 2015). Thus, the prolonged rate of CHC development may simply be an artefact of
the rate at which these biochemical processes can proceed. To assess this, CHC development
should be studied over the entire fly lifespan (from egg to adult) with measurements taken
approximately every 24 hours. Very few studies have taken this approach, but doing so will
provide a detailed ontogeny of CHC development from which clearer hypotheses can be made.

If the speed of CHC development was only limited by metabolism, and solely related to the
role of CHCs in preventing desiccation, then it is still unclear why CHC maturation would
coincide so closely with sexual maturity and take as long as 11 days in Ch. varipes. Individuals
of this species become highly active and disperse within ~48 hours of eclosion (Norris 1959),
at which point flies without a mature CHC profile would be at severe risk of desiccation. It
might therefore be expected that, to prevent desiccation, ecological selection would drive CHC
profiles to mature as quickly as possible. Furthermore, it is known that the CHC profiles of
Drosophila species mature in ~48 hours (Arienti et al. 2010), and males of the blowfly C.
vomitoria in ~48 hours (Trabalon et al. 1992). As such, there is no clear physiological reason
for CHC development being so prolonged in Ch. varipes. To further ascertain the roles of
ecological and sexual selection in maintaining the relationship between CHC development and
sexual maturity, there is a need to assess the biochemical and genetic underpinnings of CHC
development in species such as Ch. varipes in comparison to other blowflies, such as C.
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vomitoria, which show more rapid CHC development.

Lastly, the differing rates of CHC development between the sexes are most likely due to
inherent ontogenetic and hormonal differences; male flies tend to reach sexual maturity earlier
than females (Mackerras 1933; Arienti et al. 2010). However, it may also be explained by
ecological selection; it is possible that one sex disperses earlier, or over greater distances, in
search of reproductive resources or mates. Subsequently, CHCs may have evolved to develop
quicker in that sex in order to accommodate earlier exposure to desiccation stress during
dispersal. A fascinating example of such environmentally driven sexual dimorphism is seen in
Habronattus jumping spiders, where male-specific body colouration occurs as an anti-predator
adaptation in response to males having increased activity levels, and a higher resulting threat
of predation, during mate-searching (Taylor et al. 2019).

To summarise, we report that the development of CHCs in Ch. varipes is substantially delayed
following adult eclosion, and that the major changes in adult CHC expression coincide with
the onset of sexual maturity, which differs between the sexes. In addition, in line with many
other insect species, there is a negative relationship between increasing adult age and the chain
length of expressed CHCs. However, it is unclear whether these patterns are the result of
ecological or sexual selection or are simply an inherent effect of ontogenetic hormonal and
metabolic changes. To definitively conclude that these CHC changes signal sexual maturity,
behavioural bioassays will need to be performed. Further to this, much would be gained from
explicitly measuring how CHC expression changes in line with development of male and
female reproductive organs, and how this corresponds with the onset of reproductive viability.
Such research in Ch. varipes, and in other insects, will serve to unravel the role CHCs play in
signalling sexual maturity. Overall, the age-related changes we report in Ch. varipes are some
of the most striking known examples of shifts in adult CHC profiles among insects, and this
species will likely serve as an ideal model for unravelling the role of these complex traits in
insect sexual behaviour.
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Chapter 4. The evolution of sexually dimorphic cuticular
hydrocarbons in blowflies (Diptera: Calliphoridae)

4.1 Abstract
Cuticular hydrocarbons (CHCs) are organic compounds found on the cuticles of all insects
which can act as close-contact pheromones, while also providing a hydrophobic barrier to water
loss. Given their widespread importance in sexual behaviour and survival, CHCs have likely
contributed heavily to the ecological adaptation and speciation of insects. Despite this, the
patterns and mechanisms of their diversification have been studied in very few taxa. Here, we
perform the first study of CHC diversification in blowflies, focussing on wild populations of
the ecologically diverse genus Chrysomya. We convert CHC profiles into qualitative and
quantitative traits and assess their inter- and intra-specific variation across 10 species. We also
construct a global phylogeny of Chrysomya, onto which CHCs were mapped to explore the
patterns of their diversification. For the first time in blowflies, we demonstrate that CHCs have
diversified in a non-phylogenetic and punctuated manner and are sexually dimorphic in several
species. Overall, our findings provide novel evidence that CHCs have diversified under
ecological and sexual selection and have likely played an important role in the evolution of
blowflies.
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4.2 Introduction
It was long considered that ecological and sexual selection rarely overlapped to shape
individual phenotypic traits. However, there are now numerous examples of phenotypic traits
that experience divergent ecological selection while also contributing to non-random mating
(Servedio et al. 2011). These so called “magic” or “dual” traits occur frequently in nature and
have potentially played key roles as drivers of speciation (Chung and Carroll 2015). Despite
this, our understanding of how these traits evolve, and the extent to which they have facilitated
speciation, remains poorly understood. One such example are cuticular hydrocarbons (CHCs)
- mixtures of long straight-chained, olefinic, and methyl-branched hydrocarbons found within
the waxy cuticle of all insects. These are some of the most complex phenotypic traits found in
the animal kingdom, with thousands of structurally unique substances discovered in the
Hymenoptera alone (Kather and Martin 2015). CHCs are essential to the survival of terrestrial
insects, forming a hydrophobic layer that can adapt to environmental changes to prevent
cuticular water loss (Chung and Carroll 2015; Stinziano et al. 2015; Sprenger et al. 2018).
CHCs have also been adapted as close-range pheromones, facilitating species recognition and
sexual attraction in a wide range of insects (Ferveur 2005; Curtis et al. 2013; Hughes et al.
2015; Ingleby 2015). Thus, CHCs provide a classic example of a dual trait, as they are a salient
target for selection on: 1) their waterproofing capabilities and 2) their communication function
in inter- and intra-specific interactions (Chung and Carroll 2015).

Given their widespread importance in survival and reproduction, CHCs have likely contributed
strongly to the divergent evolution and speciation of insects (Smadja and Butlin 2009; Chung
and Carroll 2015; Menzel et al. 2017a). Despite this expectation, there have been few attempts
to investigate CHC diversification in a phylogenetic context. Past studies have mostly been
limited to ants (Martin et al. 2008; van Wilgenburg et al. 2011; Kather and Martin 2015; Menzel
et al. 2017a; Menzel et al. 2017b), wasps (Buellesbach et al. 2013; Kather and Martin 2015;
Buellesbach et al. 2018), and fruit flies (Bartelt et al. 1985; Alves 2010; Oliveira et al. 2011),
with very few studies on groups of species outside of these model taxa (Phasmatodea:
Schwander et al. 2013, Orthoptera: Mullen et al. 2007, Diptera: Symonds et al. 2009,
Coleoptera: Niogret et al. 2019). Nevertheless, from this work, it is clear that the patterns of
CHC diversification vary greatly between different insect groups. For example, in some taxa
CHC diversification between related species occurs gradually, typically resulting in greater
similarity in substances and concentrations between closely related species compared to distant
relatives. This is most evident in certain flies (Bartelt et al. 1985; Symonds and Wertheim 2005)
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and ants (Martin et al. 2008) and may occur when selective pressure on CHCs is relaxed,
perhaps when CHC function is substituted by different compounds or physiological
mechanisms (van Wilgenburg et al. 2011). Conversely however, CHC diversification can also
occur saltationally, where rapid changes between closely related species result in drastic
differences in their CHC substances and concentrations, as appears to be the case in some ants
(Menzel et al. 2017b; Kather et al. 2015), wasps (Buellesbach et al. 2013; Kather et al. 2015),
flies (Symonds et al. 2009), and stick insects (Schwander et al. 2013). In these cases, rapid
diversification of CHC profiles may result from divergent ecological adaptation, as well as
from sexual selection favouring rapid saltational changes in sender and receiver
communication channels.

Importantly however, given the overwhelming variability of insect CHCs, the apparent mode
of CHC diversification can be easily confounded by the experimental approach. Specifically,
approaches taken by previous studies have been highly variable, making it difficult to compare
findings within and between taxa. These experimental differences can be primarily attributed
to the choice of data type, and a lack of consideration to intra-specific variation. Regarding data
type, if CHC composition is considered quantitatively (substance concentration) versus
qualitatively (presence or absence of a substance or substance classes), then conclusions about
the mode of CHC diversification can be vastly different. This is well demonstrated by studies
of CHC diversification in ants, where qualitatively, CHCs appear to evolve under a gradual
mode of evolution (van Wilgenburg et al. 2011), while quantitatively, CHCs appear to evolve
rapidly and in a non-phylogenetic manner (Menzel et al. 2017a). Thus, it is best that studies
consider both qualitative and quantitative methods of analysis. Regarding intra-specific
variation, CHC expression can differ substantially between wild and lab-reared populations
(Toolson et al. 1990; Mullen et al. 2007; Dapporto et al. 2013), between sexes (Buellesbach et
al. 2013; Stinziano et al. 2015), and between different life history stages (Caputo et al. 2005;
Roux et al. 2008; Arienti et al. 2010; Kuo et al. 2012). Despite this, many comparative studies
have not addressed these factors, instead working primarily with lab populations, and only
considering a single sex or period of development. If we are to elucidate the broader patterns
of CHC diversification, and more deeply understand their contribution to insect diversification,
then a more comprehensive approach will be needed. Specifically, we propose that much will
be gained from exploring CHC diversification in a wider range of non-model taxa, assessing
both quantitative and qualitative variation, performing studies in wild populations, and
carefully considering differences in expression between sexes and different life stages.
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The blowflies (Diptera: Calliphoridae) provide a particularly useful model system for the
comprehensive study of CHC evolution. There are approximately 1,200 described species,
many of which have well documented life histories and are phylogenetically defined (Kutty et
al. 2010). They are also ecologically diverse (Ferrar 1987), and carrion-breeding species can
be easily captured in the wild in numbers required for comparative studies. There is also
increasing evidence that CHCs are involved in blowfly survival and reproduction (Goodrich
1970; Trabalon et al. 1992; Stoffolano 1997; Butterworth et al. 2019), and there appears to be
substantial species-level variation in CHC composition (Roux et al. 2008; Pechal et al. 2014;
Barbosa et al. 2017), which is suggestive of divergent evolution. However, no attempt has been
made to consider these findings in a phylogenetic context; so how the evolutionary
diversification of CHCs in blowflies relates to their unique ecologies, and compares with other
insects, remains unclear. Nevertheless, if CHCs have contributed to the speciation of blowflies,
we would expect to see evidence of saltational evolution between species, and sexually
dimorphic profile composition within species.

Within the Australasian region, the blowfly genus Chrysomya is particularly diverse and
represents an untapped model system for evolutionary research (Wells and Kurahashi 1996).
There are nine representative species in Australia, all of which can be found along the eastern
coast of the country, occupying a diverse range of habitats, from temperate rainforests in the
north to dry schlerophyll forests in the colder southern regions (Kitching and Voeten 1977).
They also exhibit varied modes of reproduction (Norris 1959) and show substantial variation
in their mating systems (Butterworth et al. 2019). Given their diverse distributions and
ecologies, they provide an ideal opportunity to investigate the evolutionary diversification of
CHCs. As such, in the present study we undertake the first comprehensive analysis of CHCs in
blowflies by assessing variation between species and sexes in a phylogenetic context using
completely wild populations of Chrysomya. The specific aims of our study were to: 1) identify
the CHC substances expressed across all Australian Chrysomya, 2) assess inter-specific
variation in CHCs, 3) assess intra-specific variation in CHCs, 4) generate a new global
phylogeny for the Chrysomya and 5) assess how CHCs have diversified in the context of this
phylogeny. By addressing these aims, we expect to provide new insights into CHC
diversification in flies, and, more broadly, provide a platform for hypotheses concerning the
role complex dual traits have played in the speciation and evolution of insects.
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4.3 Methods and materials
4.3.1 Insect collection
Nine species of Australian Chrysomya were collected from sites along the east coast of
Australia ranging from Wollongong, NSW to Brisbane, QLD between December 2016 and
April 2018 (Table 4.1). In addition, a single laboratory strain of Australian Lucilia cuprina
were included as an outgroup. Wild flies were manually netted over carrion bait, and for each
species 10-15 adults of each sex were collected, for a total of 321 individual flies.
Table 4.1 Site data for Chrysomya and Lucilia species collected for cuticular hydrocarbon analysis.
Abbreviated species names are provided, which are used in subsequent figures.
Species
Ch. rufifacies

Abbreviation
Ruf

Ch. incisuralis

Inc

Ch. nigripes

Nig

Ch. flavifrons

Fla

Ch. varipes

Var

Ch. megacephala

Meg

Ch. saffranea

Saf

Ch. semimetallica

Sem

Ch. latifrons

Lat

L. cuprina

Cup

Location
Anstead, QLD
Mount Crosby, QLD
Kholo, QLD
Wollongong, NSW
Tuggerah, NSW
Anstead, QLD
Advancetown, QLD
Cowarra, NSW
Yarramundi, NSW
Calamia, NSW
Halfway Creek, NSW
Ferodale, NSW
Cedar Creek, QLD
Mount Coot-Tha, QLD
Cedar Creek, QLD
Advancetown, QLD
Mount Coot-Tha, QLD
Ferodale, NSW
Wollongong, NSW
Anstead, QLD
Mount Coot-Tha, QLD
Tuggerah, NSW
Wollongong, NSW
Mount Crosby, QLD
Kholo, QLD
Advancetown, QLD
Tuggerah, NSW
Anstead, QLD
Mount Coot-Tha, QLD
Cedar Creek, QLD
Cowarra, NSW
Tuggerah, NSW
Wollongong, NSW
ERC, Wollongong, NSW

Latitude
-27.53
-27.33
-27.49
-34.43
-33.29
-27.53
-28.07
-31.53
-33.67
-29.85
-29.94
-32.71
-27.33
-27.28
-27.33
-28.07
-27.28
-32.71
-34.43
-27.53
-27.28
-33.29
-34.43
-27.33
-27.49
-28.07
-33.29
-27.53
-27.28
-27.33
-31.53
-33.29
-34.43
-34.43

Longitude
152.85
152.85
152.75
150.89
151.42
152.85
153.26
152.79
150.68
153.06
153.11
151.84
152.80
152.58
152.80
153.26
152.58
151.84
150.89
152.85
152.58
151.42
150.89
152.85
152.75
153.26
151.42
152.85
152.58
152.80
152.79
151.42
150.89
150.89

Flies were euthanized at -20°C within 8 h of collection, and any particulate matter adhering to
flies was removed. To ensure correct species identifications, both morphological analysis and
DNA barcoding were performed. Following the protocol of Nelson et al. 2007, CO1 was
extracted, amplified, and sequenced from one individual per species. Resultant sequences were
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submitted to BLAST to confirm species identities.
4.3.2 Chemical analysis
Cuticular hydrocarbons were extracted from 10-15 individual males and females of each
species within 10 h of collection. Flies were immersed in 400 µL n-hexane in a 1 mL glass vial
for 5 min, gently vortexed once using an S.E.M. vortex mixer (Adelab Scientific, Australia),
then removed from the solution. Washed flies were inspected following extraction to ensure
that no cuticular damage had occurred, which may have caused internal fluids to leak. Samples
were stored at -40°C for up to 30 days. Prior to analysis, samples were evaporated with nitrogen
and reconstituted in 20 µL of hexane containing an internal standard (2 ppm pentadecane). A
sample (1 µL) of this CHC extract was then injected into a gas chromatography mass
spectrometer (GC-MS; Agilent 7890 GC coupled with an Agilent 7000 Triple-Quad MS and
an Agilent 7693 Autosampler) fitted with an Rxi-5ms column (20 m x 0.18 mm ID; d.f. = 0.18
µm) and using helium as the carrier gas at a flow rate of 0.8 mL/min. The inlet temperature
was set to 270°C and injection performed in splitless mode. The column was held isothermally
at 50°C for 1 min, then ramped at a rate of 40°C/min to 180°C, before ramping at 5°C/min to
300°C. The mass spectrometer was operated at 70 eV with a source temperature of 280°C and
scanning was performed from m/z 40 to 500.
4.3.3 Pre-treatment of data
Peaks were selected between C21 and C40, and only those that occurred in at least 3 specimens
were manually integrated using Masshunter qualitative analysis B06.00. Retention indices
were calculated by comparing peak elution times to those of a C7-C40 alkane standard.
Tentative compound identifications were made using retention indices, literature comparisons,
and analysis of mass spectra. Peak areas from all 10 species were then aligned by their retention
indices using R package GCalignR (Ottensmann et al. 2018) and manually inspected to assure
conformance. Data were then converted to relative abundances by dividing the area of each
peak by the total peak area, followed by the addition of a small constant (0.01) to remove zeros.
For quantitative comparisons, data were transformed by centered log ratio with the R package
‘Hotelling’ (Curran 2018) and auto scaled using the inbuilt R function (R Core Team 2019)
following Hervé et al. (2018). For qualitative comparisons, raw data were instead converted to
a binary matrix, where compound absence was represented by ‘0’ and presence by ‘1’, followed
by transformation into a similarity matrix using the ‘dist.binary’ function (using Jaccard’s
similarity index, whereby double zeros are not considered as similarities) of the R package
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‘ade4’ (Dray and Dufour 2007).
4.3.4 Statistical analysis
To test whether the quantitative differences of CHCs sufficiently discriminated species, while
also accounting for the effect of sex, redundancy discriminant analysis (RDA) was performed
on the entire transformed dataset using the R packages ‘vegan’ (Oksanen et al. 2019) and
‘RVAideMemoire’ (Hervé 2020). Redundancy discriminant analysis fits a multivariate linear
regression between the chemical data and controlled variables, and then performs two PCAs:
one on the fitted values of the regression (i.e., the variation that is explained by the controlled
variables, hereafter “constrained variance”) and the other on the residuals (i.e., the variation
not related to the controlled variables, hereafter “unconstrained variance”) (Hervé et al. 2018).
To validate the effect of species and sex on CHC variation, the total percentage of constrained
variance explained by sex and species was estimated by a canonical R2 called the
‘bimultivariate redundancy statistic’ (Miller and Farr 1971; Peres-Neto et al. 2006; Hervé et al.
2018). For our dataset, species, sex, and their interaction explained 46% of the total chemical
variation, meaning that 54% of the variation could be due to noise, or any uncontrolled factors
including population, diet, environment, or age. To test whether the constrained variance was
explaining a significant proportion of the compositional data, a permutation F-test based on the
canonical R2 was performed (Legendre and Legendre 2012; Hervé et al. 2018). For our dataset,
the test was declared significant (PERMANOVA; F19,301 = 13.77, P < 0.001), which implies
that the chosen factors (species and sex) explain a statistically significant portion of the total
quantitative chemical variation. As such, to test for the individual effects of the factors, a
second permutation F-test was performed for species, sex, and the species × sex interaction.
Then, a pairwise comparison using the function ‘pairwise.factorfit’ from ‘RVAideMemoire’
was used to specifically assess which species and sexes differed significantly from each other.
Additionally, to test whether qualitative differences separated species, principal coordinate
analysis (PCoA) was conducted on the similarity matrix (representing binary compositional
differences between species) using the function ‘dbrda’ from ‘RVAideMemoire’ and then
species- and sex-differences were assessed using the function ‘pairwise.factorfit’ as described
above.

In order to visualize and compare sex-specific differences within species, principal component
analysis (PCA) was conducted on 10 reduced sets of data, each representing an individual

58

species. Univariate analysis of variance (ANOVA) was performed on the extracted PCs for
each of the 10 species. In order to determine which PCs represented an adequate proportion of
the total variation, and should be analysed by ANOVA, we used the broken stick model and
screeplot approaches (Jolliffe 2002; Quinn and Keough 2002). In addition, upon initial
observation of the total ion chromatograms, we noticed substantial within-sex variation for
male and female Ch. varipes, male and female Ch. flavifrons, and female Ch. nigripes. These
qualitatively distinct profiles showed intra-sexual differences in CHC expression (particularly
in the chain lengths of expressed CHCs). These distinct profiles most likely correspond to agespecific differences, which has been confirmed for Ch. varipes (Chapter 3; Butterworth et al.
unpublished). Hereafter, these distinct CHC profiles will be referred to as ‘types’. To consider
the effect of type within species, we conducted pairwise comparisons on the previously
extracted PCs using the function ‘pairwise.factorfit’ from ‘RVAideMemoire’ to test which
types differed significantly within these species. All PCA and ANOVA analyses were
performed using R base package (R Core Team 2019), and the R packages ‘Factoextra’
(Kassambra and Mundt 2017), and ‘ggFortify’ (Tang et al. 2016).

4.3.5 Phylogenetic inference
To produce a global phylogenetic tree for the genus Chrysomya, previously published sequence
data for CO1, CO2, ND4, and CAD were retrieved from GenBank (Nelson et al. 2007, Nelson
et al. 2008, Nelson et al. 2012, Singh et al. 2011, Wallman et al. 2005 and Wells et al. 2001).
The final data represented 27 Chrysomya species and four outgroup taxa (two Lucilia and two
Calliphora; taxa list available: Supplementary Material 1). Following retrieval from GenBank,
data were concatenated, and aligned in Geneious Prime 2019.0.3 (https://www.geneious.com)
using the MUSCLE algorithm (Edgar 2004; MUSCLE parameters: gap opening penalty =
−400, gap extension penalty = 0, Clustering Method = UPGMB, Maximum diagonal length =
24). Aligned data were analysed in PartitionFinder2 (Lanfear et al. 2016), which determined
the best partitioning based upon which scheme produced the highest Akaike information
criterion (AICc) value (AICc = 34238, 10 subsets, 4374 sites). This optimum partitioning
scheme (Supplementary Material 2), was then used in all subsequent analyses. The final
partitioned alignment was then submitted for both Maximum Likelihood (ML) and Bayesian
(BA) analysis in the online CIPRES platform (Miller et al. 2010). ML analysis was performed
in RAxML V8.0 (Stamatakis 2014). Since RAxML only allows for a single evolutionary rate
model to be applied to partitioned analyses, all partitions were analysed under the GTR+G
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model (1000 bootstrap iterations). BA analysis was performed in MrBayes version 3.2.6
utilising the BEAGLE library. Models of rate evolution were applied to each partition
individually following the PartionFinder2 calculated ‘best model’ (Supplementary Material 2).
Four simultaneous Bayesian analyses were completed utilising four Marcov Chain Monte
Carlo (MCMC) chains (three heated, one cold; temperature default = 0.1; all priors at default
settings) run for 20 million generations, sampling every 2000 generations (for a total of 40000
samples). A consensus tree was then prepared from the resultant trees with the first 25% of all
trees discarded as burn-in. A final tree graphic summarising both analyses (ML and BA) was
produced using FigTree (available from: http://tree.bio.ed.ac.uk/software/figtree/) and edited
in Adobe Illustrator (available from: https://www.adobe.com/au/products/illustrator).

4.3.6 Evolutionary change in CHCs
To visually infer evolutionary change in CHC quantities, a second PCA was performed on the
entire transformed dataset. The broken stick model and screeplot suggested that the first three
PCs explained the greatest proportion of the total variation. As such, to visualize the evolution
of CHC profiles, we traced the first three principal components onto a reduced phylogeny using
parsimony reconstruction in the trace character history function of Mesquite V3.6 (Maddison
and Maddison 2019). Both sexes were analysed together in the PCA, but male and female PCs
were mapped separately. Additionally, because three species (Ch. varipes, Ch. flavifrons, and
Ch. nigripes) expressed multiple qualitatively distinct profile types, we only mapped the PCs
corresponding to the most common profile types, under the assumption that these represented
the sexually mature profiles. For Ch. varipes, the sexually mature profile types were known to
be male ‘type 2’ and female ‘type 2’ (Chapter 3; Butterworth et al. unpublished). For the other
species, the most common types (assumed to be sexually mature) were male ‘type 2’ and female
‘type 2’ for Ch. flavifrons and female ‘type 2’ for Ch. nigripes. We made this assumption on
the basis that the response of adult blowflies to cues released from decaying carrion does not
peak until approximately 3 days after adults emerge from the puparium (Ashworth and Wall
1995), thus the majority of flies encountered around carrion tend to be older than 3 days and
approaching sexual maturity. In support of this, we only caught three immature male and five
immature female Ch. varipes in the wild, compared to >12 mature adults of both sexes.

To assess which specific patterns of character change best described the diversification of
hydrocarbon profiles among Chrysomya, we used the program CoMET (Continuous-character
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Model Evaluation and Testing) (Lee et al. 2006) within Mesquite V3.6 (Maddison and
Maddison 2019). Specifically, we evaluated whether CHC proportions and CHC profiles
(represented by PCs) have diverged gradually in line with phylogenetic relationships, or rapidly
and independently of the phylogeny. The CoMET program achieves this by testing nine unique
models of character change, which represent all combinations of three different phylogenetic
models with three different rate models (in a 3 x 3 matrix). The phylogenetic models explain
character change as pure-phylogenetic, non-phylogenetic, or punctuated. Whereas the rate
models evaluate three different rates (distance, equal, and free) at which the character can
change on each branch (Schwander et al. 2013). Overall, CoMET estimates the fit of these nine
models to the Chrysomya phylogeny, from which Akaike Criterion (AIC) values are calculated
to determine which model best characterizes the rate and mode of CHC diversification
(Schwander et al. 2013). For detailed model explanations, model interpretations, and bestmodel conclusions, see Supplementary Material 3.
4.4 Results
4.4.1 Chemical analysis
Flies were collected along the east coast of Australia, with extractions resulting in 89
compounds among Chrysomya, and an additional three compounds unique to L. cuprina
(C28:2, C28:1, Alkyne) - for a total of 92 unique hydrocarbons (ranging from 21 to 36 carbon
atoms in length) across the 10 species. For average peak proportions, retention times, and
compound identifications see Supplementary Material 4. Qualitatively, 40/92 CHCs (43%)
were found across all 10 species, and all n-alkanes, ranging from C21 to C31, were expressed
by every species. Further to this, the proportions of substance classes were generally conserved
among species, with monomethylalkanes, n-alkanes, and n-alkenes occurring in the greatest
proportions (Figure 4.1). Conversely, species varied substantially in the total number of
compounds they expressed, ranging from 62 unique CHCs in Ch. varipes to 83 unique CHCs
in Ch. flavifrons. Furthermore, there was considerable quantitative variation in the abundances
of CHC substances (including the ubiquitous n-alkanes) between species, sexes, and types
(Figure 4.2).
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Figure 4.1 Average proportions of CHC substance classes found among Australian Chrysomya and
Lucilia species. The horizontal order of species follows the same horizontal order as the phylogeny
(Figure 4), with close relatives being positioned next to each other. Generated with ggplot2 (Wickham
et al. 2019) in R (R Core Team 2019). Edited with Adobe Illustrator.
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4.4.2 Inter-specific comparisons
To assess the extent of the inter-specific variation detected, while accounting for sex, both RDA
and PCoA were performed to assess quantitative and qualitative differences respectively. The
RDA revealed that species and sex explained a significant proportion of overall quantitative
chemical variation across the 10 species (Figure 4.2). Of the constrained variance (the variance
explained by species and sex), discriminant components 1-5 collectively accounted for 76.28%
of the variation, and a permutation F-test suggested that species (PERMANOVA; F9,301 =
21.64, P < 0.001), sex (PERMANOVA; F1,301 = 7.85, P < 0.001), and the species × sex
interaction (PERMANOVA; F9,301 = 6.42, P < 0.001) each individually explained a significant
proportion of this variation. Thus, to determine which species and which sexes differed
significantly, pairwise comparisons were made, which revealed that almost all species
separated significantly from their closest relatives (Pairwise comparison: P < 0.05) (For all
pairwise comparisons see supplementary material 5). This was with two exceptions. Males of
Ch. rufifacies were not distinct from Ch. incisuralis males (Pairwise comparison: P = 0.35) or
females (Pairwise comparison: P = 0.62). Interestingly, however, Ch. rufifacies females were
distinct from Ch. incisuralis females (Pairwise comparison: P < 0.01). Further, Ch. saffranea
females were not distinct from Ch. megacephala males (Pairwise comparison: P = 0.19).
Notably, several species that were distantly related shared quantitatively similar profile types
(Pairwise comparison: P > 0.05) (Figure 4.2). Regarding qualitative differences between
species, the results from pairwise comparisons of the PCoA closely matched those from the
RDA, where all species separated significantly from their closest relatives, but several distantly
related species overlapped substantially in their qualitative CHC composition (Supplementary
material 6).

4.4.3 Intra-specific comparisons
To investigate and visualize sex- and type-specific differences within species, PCA, followed
by univariate ANOVA (for sex differences) and pairwise comparisons (for type differences),
were performed for reduced datasets which individually represented each species (Figure 4.3).
Regarding between-sex differences, PCs 1-5 explained an adequate proportion of total
variation in all species. As such, ANOVA was performed on extracted PCs 1-5 for each species;
revealing significant differences in quantitative profile composition between the sexes (in at
least one PC) for eight of 10 species (For PCA-ANOVA results, see Supplementary material
7). However, for Ch. varipes and Ch. semimetallica, none of the five PCs significantly
separated sex, suggesting that CHCs were not sexually dimorphic in these species (in support
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Figure 4.2 Interspecific variation of female and male CHC profiles among Australian Chrysomya. All
species are separated by redundancy discriminant components (DF1 and DF2) from the RDA output.
Axes show different scales. Generated using the ‘MVA.plot’ function of the package
RVAideMemoire in R. Edited in adobe Illustrator.
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4.4.4 Phylogenetic inference
A global Chrysomya phylogeny was prepared from concatenated CO1, CO2, ND4, and CAD.
The resultant tree (Figure 4.4) agreed closely with previous phylogenies produced by Wallman
et al. (2005) and Singh et al. (2011). The genus Chrysomya is resolved as three distinct clades
matching those originally designated by Singh et al. (2011) with the inclusion of several new
taxa. New inclusions Ch. chloropyga and Ch. inclinata resolved within the most derived clade
(clade 3: Singh et al. 2011), while Ch. saffranea and Ch. phaonis resolved within clade 2. The
basal clade (clade 1) contained no newly included taxa.

4.4.5 Evolutionary change in CHCs
To visualize quantitative changes in CHC profiles in the context of the Chrysomya phylogeny,
we traced the first three principal components from the analysis onto a reduced phylogeny
which contained only the focal Australasian representatives (Figure 4.5). To see which peaks
contributed to the mapped PCs see Supplementary Material 9. Broadly, there appears to be
have been rapid CHC diversification among Chrysomya, with the exception of Ch. rufifacies
and Ch. incisuralis, as well as Ch. megacephala and Ch. saffranea, where diversification
appears more gradual. Notably, there has been substantial diversification in clade 3, particularly
comparing the cuticular profiles of Ch. rufifacies and Ch. incisuralis to Ch. flavifrons, Ch.
varipes, and Ch. nigripes. More so, for the latter three species, substantial divergence has also
occurred in CHCs (reflected in all three PCs); however, the amount and direction of divergence
differs between males and females. High levels of divergence were also observed in clade 1
between sister species Ch. semimetallica and Ch. latifrons for male PC1 and PC2, as well as
female PC1, PC2, and PC3. Notably, and in line with results from the redundancy discriminant
analysis, several species shared more similar CHC profiles with distant rather than close
relatives (i.e., Ch. varipes with Ch. latifrons, as well as Ch. semimetallica with Ch.
megacephala, and Ch. nigripes with Ch. rufifacies and Ch. incisuralis). Except for clade 2 (Ch.
megacephala and Ch. saffranea), close relatives did not tend to resemble each other more than
distant relatives, suggesting that there has been limited constraint on CHC diversification in
Chrysomya.
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Figure 4.4 Combined molecular phylogenetic tree of global Chrysomya species in the context of the
Calliphoridae. Topology represents the consensus tree from Maximum Likelihood analysis over 1000
bootstrap iterations. Node support values are shown for both Maximum Likelihood analysis (bootstrap
support, 1000 iterations; in bold font) and Bayesian analysis (posterior probability, 80 million generations;
regular font), ‘NA’ indicates nodes resolved that were not resolved in the Bayesian analysis. Branch length
scale = 0.08 nucleotide substitutions per site. Taxa highlighted in red represent Australian species of
Chrysomya and Lucilia for which cuticular hydrocarbon data were obtained.
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but we were unable to distinguish between punctuated and pure-phylogenetic models (AIC
differences <2; Table 4.3a), PC2 best fit a non-phylogenetic/free model (AIC differences >2;
Table 4.3a), and PC3 best fit a distance model but we could not distinguish between purephylogenetic and punctuated (AIC differences <2; Table 4.3a). In addition, most male CHC
proportions best fit punctuated models of evolution, except for alkanes (AIC differences <2;
Table 4.3a) and alkynes, which best fit a non-phylogenetic/free model of evolution that could
not be distinguished from a pure-phylogenetic/distance model (AIC differences <2; Table
4.3a). In females, PC1 best fit a non-phylogenetic/distance model but could not be
distinguished from a punctuated/equal model (AIC differences <2; Table 4.3b) and PC2 best
fit distance models of evolution but we could not distinguish between pure-phylogenetic and
non-phylogenetic (AIC differences <2; Table 4.3b), while PC3 best fit a pure-phylogenetic
model of evolution but could not distinguish between distance and equal models (AIC
differences <2; Table 4.3b). Similar to males, most female CHC proportions best fit
punctuated/equal models of evolution, although not all could be distinguished from other
models (AIC differences <2; Table 4.3b) with the exception of alkynes, which best fit a purephylogenetic model. To see which peaks contributed to male and female PCs see
Supplementary Material 9.
Table 4.3 a) Male results of the CoMET analysis, values represent the differences in AIC values
relative to the best fitting ‘focal’ model. Asterisks represent the focal model, which all other values
are relative to. Bold values represent models within 2 units of the focal model, which could also be
considered good fits for the data.
Male Profiles

Male CHC Proportions (%)

Model for trait change
Pure-Phylogenetic/Distance
Pure-Phylogenetic/Equal
Pure-Phylogenetic/Free
Nonphylogenetic/Distance
Nonphylogenetic/Equal
Nonphylogenetic/Free
Punctuated/Distance
Punctuated/Equal
Punctuated/Free

PC1

PC2

PC3

n-Alkane

Alkene

Alkadiene

Monomethylalkane

Dimethylalkane

Alkyne

3.66
1.40
33.89
2.57
3.78
18.97
3.27
*
19.27

10.44
13.34
23.29
4.81
10.32
*
7.72
9.56
23.72

*
4.76
33.68
5.35
5.07
17.15
0.18
1.53
16.175

3.96
5.22
24.35
3.76
1.6
11.42
*
0.46
16

3.9
7.42
34.84
6.92
7.71
20.84
*
1.82
16

1.99
3.19
26.77
6.85
7.1
20.39
0.18
*
16.18

5.7
6.62
36.22
4.4
4.51
37.07
0.68
*
15.68

7.03
5.11
32.83
5.28
2.16
18.63
2.01
*
18.01

1.54
7.35
21.21
11.82
10.04
*
3.06
4.98
19.06

Table 4.3 b) Female results of the CoMET analysis, values represent the differences in AIC values
relative to the best fitting ‘focal’ model. Asterisks represent the focal model, which all other values
are relative to. Bold values represent models within 2 units of the focal model, which could also be
considered good fits for the data.
Female Profiles

Female CHC proportions (%)

Model for trait change
Pure-Phylogenetic/Distance
Pure-Phylogenetic/Equal
Pure-Phylogenetic/Free
Nonphylogenetic/Distance
Nonphylogenetic/Equal
Nonphylogenetic/Free
Punctuated/Distance
Punctuated/Equal
Punctuated/Free

PC1

PC2

PC3

n-Alkane

Alkene

Alkadiene

Monomethylalkane

Dimethylalkane

Alkyne

2.05
2.08
32.58
*
4.79
2.00E+08
2.32
0.60
18.32

1.25
3.75
37.23
*
6.74
16.72
3.92
4.08
19.92

*
1.91
27.62
2.99
3.87
26.69
2.49
2.06
18.49

10.26
3
35.8
7.45
1.75
22.84
6.36
*
22.36

8.4
5.96
37.6
5.77
4.89
21.48
2.37
*
18.37

5.71
2.62
33.56
4.28
2.72
27.22
3.29
*
19.29

16.93
3.92
37.71
12.22
1.64
10.5
10.69
*
26.69

2.26
4.36
33.25
1.13
2.42
23.63
0.16
*
16.16

0.68
*
21.56
3.59
2.05
2.00E+08
4.77
2.69
20.77
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4.5 Discussion
Cuticular hydrocarbons have likely played an important role in insect evolution; yet the patterns
of their diversification have been studied only in a limited number of taxa. The present study
aimed to document the diversification of cuticular hydrocarbons in a genus of blowflies
(Chrysomya); a promising model system for evolutionary research. We quantified CHCs in
Australian representatives of the ecologically diverse blowfly genus Chrysomya, and in support
of several recent studies in other insect taxa, demonstrate that CHC classes are qualitatively
conserved across the genus. However, for the first time, we show that quantitative CHC
composition has evolved in a punctuated and non-phylogenetic manner in blowflies, and
highlight substantial intraspecific variation related to sex and age-specific differences. Overall,
we provide evidence that CHCs have likely played an important role in the ecological and
reproductive evolution of these blowflies.

In total, we were able to identify 92 unique compounds across all 10 species; which is similar
to observations in Formica ants, where 100 CHCs were identified across 13 species (Martin et
al. 2008). Broadly, the monomethylalkanes, n-alkenes, and n-alkanes predominated the
cuticular profiles of most species, which aligns with previous reports of blowfly CHCs (L.
cuprina: Barbosa et al. 2017; Ch. varipes: Butterworth et al. 2018; Ch. rufifacies: Pechal et al.
2014; and Ch. megacephala: Paula et al. 2016). As expected, different species of Chrysomya
expressed different numbers of compounds. However, while some Teleogryllus crickets
express only 21 different hydrocarbons (Thomas et al. 2011), some Cyphoderris crickets only
48 hydrocarbons (Steiger et al. 2013), and Drosophila melanogaster up to 59 hydrocarbons
(Everaerts et al. 2010), in Chrysomya species we saw up to 83 individual compounds expressed
in individual species, suggesting that CHCs are particularly diverse in this genus. This diversity
may be facilitated by the complex diet of blowflies; which includes a broad range of proteins
and complex fatty acids from various sources including carrion, dung, and pollen (Brodie et al.
2015). As such, blowflies are likely stocked with an arsenal of metabolic precursors for CHC
synthesis, which may have aided the process of CHC diversification (Kather and Martin 2015).

4.5.1 Species differences
Of the 92 CHC substances we identified, 42 were present in all species, in varying
concentrations. Most notably, all C21 to C30 n-alkanes were present in every species. Such
widespread qualitative conservation of n-alkanes in Chrysomya agrees with previous studies in
Hymenoptera (Kather and Martin 2015) and is intuitive as alkanes are the most structurally
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basic CHCs and have no possible isomers. Therefore, if several species express an alkane with
27 carbon atoms, they will all express a structurally identical compound. However, for
compounds such as monomethylalkanes and n-alkenes, for any given chain length there may
be several possible isomers, and thus it is less likely for identical structures to be found across
species. It is plausible that the qualitatively conserved olefinic and branched CHCs we
documented may fulfil crucial roles in survival and desiccation resistance (Chung and Carroll
2015; Stinziano et al. 2015), particularly those with longer chain lengths that are expressed in
relatively high proportions across all species (i.e. 2MeC27, C27:1, C27, C29, 11MeC27,
11,13MeC29, 2MeC31). However, the relationships between CHC class and biological
function are still largely unknown (Chung and Carrol 2015; Sprenger and Menzel 2020) and is
an area that requires research attention.

The other 50 CHC substances varied substantially in both presence and concentration between
closely related species. Further, each species separated distinctly based on quantitative and
qualitative differences in CHC profiles, and in several instances, closely related species shared
greater similarity with distant relatives (Ch. semimetallica, Ch. varipes, and Ch. megacephala).
There was also substantial intraspecific quantitative variation in CHC profiles, probably due to
the natural environmental and genetic variability of wild populations. Nevertheless, each
species clustered irrespective of geographic location, suggesting that selective pressure has led
to the maintenance of species-specific CHC expression within Chrysomya. This appears to hold
true on a global scale, as the CHC profiles of Australian Ch. rufifacies and Ch. megacephala
appear qualitatively and quantitatively similar to CHC profiles of conspecifics from other
continents (Ch. rufifacies: Pechal et al. 2014; and Ch. megacephala: Paula et al. 2016). Despite
this, it should be noted that we were unable to reliably distinguish the CHC profiles of every
species. The CHC profiles of male Ch. rufifacies and male Ch. incisuralis, as well as male Ch.
megacephala and female Ch. saffranea were not statistically different. However, the CHCs of
females of both species were significantly different, suggesting that selection may have
maintained species-specificity in female CHCs, but not male CHCs. This sex-specific
diversification might be due to differential sexual selection on CHC profiles, which may be
explained by the mating systems of these species. In all four species (Ch. rufifacies, Ch.
incisuralis, Ch. megacephala, and Ch. saffranea) mating appears to be male-controlled (pers.
obs.), whereby males will chase, contact, and attempt to mate with females mid-flight
(Butterworth et al. 2019). This rapid chasing behaviour would place selective pressure on males
to be able to rapidly identify conspecifics during flight, a circumstance where species-specific
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CHCs in females may be particularly useful. This appears to be the case in tsetse flies, where
males rely almost entirely on the CHC 15,19,23-trimethylheptatriacontane to identify female
mates (Hall and Langley 1989). Sex-specific divergence in CHC profiles may be expected in
species where mating is primarily controlled by one sex, and the benefits of correctly
identifying conspecifics outweigh the cost of hybrid mating. In support of this, similar findings
have been made in Nasonia wasps (Buellesbach et al. 2013) where female-specific CHC
divergence is a result of their use as female-specific sexual signals. Broadly, this highlights that
where CHC divergence between species is considered, an accurate assessment cannot be made
without considering both sexes - particularly in species which may use CHCs in sexual
communication or conspecific recognition.

4.5.2 Sex differences
Following from above, if sexual selection has acted on the CHC profiles of Chrysomya species,
we might expect to see some degree of sexual dimorphism (either in the presence or
concentrations of CHCs). As expected, for 8/10 species, male and female profiles differed in
at least one PC, and it was only in Ch. varipes and Ch. semimetallica where no statistically
significant differences were observed. In these two species, selection on CHCs as sex-specific
cues may have been relaxed or replaced by other compounds or signalling modalities – as
appears to be the case in Ch. varipes (Butterworth et al. 2018). Nevertheless, even in species
where sexual dimorphisms were not clear, CHCs may still be important for conspecific
recognition, as is evident in the blowfly Phormia regina (Stoffolano et al. 1997). For the eight
species that did show sexually dimorphic CHC profiles, this must either be the result of
selection on sex-specific responses to environmental pressures, or sexual selection on their
function in communication. The former is less likely, as although sexual dimorphisms are
commonly the result of ecological selection (Taylor et al. 2019), there are no distinct
differences between the environments occupied by the sexes of Chrysomya species (personal
observation). Nevertheless, sex-specific CHC expression in the absence of clear environmental
differences has been demonstrated in Drosophila (Stinziano et al. 2015) and thus cannot be
ruled out in Chrysomya. The role of environment in sexually dimorphic CHC expression in
insects clearly requires ongoing investigation. Despite this, it is likely that these differences
are, at least in part, the result of sexual selection. Sexual selection has led to the evolution of
numerous sexually dimorphic traits in blowflies, particularly within the Chrysomya. Most of
these traits function in sex- and species-recognition. Prominent examples include the holoptic
eyes and ocular ‘bright zone’ in Chrysomya megacephala males which aids in locating female’s
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mid-flight (van Hateren et al. 1989), the foreleg ornamentation of male Ch. varipes (Jones et
al. 2014), and the head and wing colour dimorphism of Ch. flavifrons (Butterworth et al. 2019).
Given that such strong selection for traits involved in sex recognition has occurred in this genus,
it is feasible that the sexually dimorphic CHC profiles observed in the present study have also
arisen via sexual selection, possibly for their function as sex- and species-specific mating
signals. Corroborating this, there is substantial evidence for sexual selection on CHCs in L.
cuprina (the species in which we observed the greatest degree of sexual dimorphism) as
cuticular lipids are known to play a key role in mate recognition and male sexual attraction
(Bartell 1969; Emmens, 1981). This may very well extend to Chrysomya and could be
substantiated by conducting similar behavioural bioassays in species where there are obvious
sexual dimorphisms.

Notably, previous work has found CHC profiles to be sexually dimorphic in lab populations of
Ch. varipes (Butterworth et al. 2018). However, we did not observe a sexual dimorphism in
wild populations of the same species. This is likely due to the increased environmental variation
experienced by flies across natural populations, which likely drives increased variation in CHC
profiles. Similar changes in the extent of CHC sexual dimorphism have been observed between
lab and field populations of the hemipteran Leptoglossus occidentalis (Dapporto et al. 2013).
This finding reinforces the notion that the extent of sexual dimorphism observed in a laboratory
population may not be reproducible in the wild, which raises questions about the biological
significance of the initial finding. In support of this, the laboratory population of L. cuprina
used in the present study showed the greatest degree of sexual dimorphism, and comparatively
minor intraspecific CHC variation – likely due to the aforementioned effect of a standardised
laboratory environment. The broader influence of environmental variation on CHC
dimorphism is still unclear, so further investigation of sex-specific differences between
laboratory and wild populations of blowflies would be worthwhile.

4.5.3 Type differences
In addition to this intra-specific CHC variation, we also documented substantial intra-sexual
CHC variation for three species (Ch. nigripes, Ch. varipes, and Ch. flavifrons) in the form of
multiple qualitatively distinct profile types within the same populations. These distinct types
might correspond to differences in individual diet (Fedina et al. 2012) or represent intra-sexual
CHC polymorphisms (Bagnères et al. 1990; Wurdack 2015; Luo et al. 2019). However, they
most likely correspond with age, as it is well known that blowflies show stark age-specific
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changes in CHC expression (Trabalon et al. 1992; Roux et al. 2008; Pechal et al. 2014; Braga
et al. 2016; Paula et al. 2016; Bernhardt et al. 2017). In fact, through laboratory rearing we
have definitively confirmed age-specific changes in CHCs for Ch. varipes (Butterworth et al.
unpublished). This being said, in wild populations of the other six Chrysomya species we were
unable to identify any qualitatively distinct profile types, although inspection of PCA plots
does reveal some unique clusters (for example, see Ch. latifrons PCA plot; Figure 3). This may
either be because in the other six species, age-specific changes are more subtle, and harder to
distinguish from the adult profile type, or simply that we did not collect sufficient numbers of
immature individuals of these species. Importantly however, the age-specific differences we
observed are significant in an evolutionary context. Although it is well established that CHC
expression is variable over insect development, particularly in blowflies, our findings highlight
that assessing CHC divergence using only sexually mature adults may be misleading. For
example, in the present study, immature Ch. varipes (M1 and F1) showed similar CHC profiles
to their close relative (Ch. nigripes), whereas mature Ch. varipes (M2 and F2) expressed vastly
different profiles to Ch. nigripes. This suggests that the pathways underlying CHC expression
in Ch. varipes and Ch. nigripes are likely to be conserved, and that it is only their regulation
that changes during adult development. Overall, we suggest that future studies should be
cautious in drawing inferences from comparative analyses of CHCs without considering
multiple aspects of life history (where possible), as constraints placed on one life stage may
affect the CHC profile of other stages. While some studies have already comprehensively
documented whole species CHC profiles (from egg to adult) (Roux et al. 2008; Paula et al
2016), to our knowledge none have done so in an evolutionary context. As such, to fully
understand the evolution of CHCs in insects, further investigation of the adaptive function of
these age-specific changes, and their wider effect on the patterns of CHC diversification will
be essential.

4.5.4 Implications for evolution
Our observations mirror what has been found in Crematogaster ants, where the extent of
phylogenetic conservation appears to be greatest when qualitative traits are considered,
whereas quantitative composition diverges rapidly between species (Menzel et al. 2017b). This
suggests that the biosynthetic pathways underpinning CHC synthesis in Chrysomya are
conserved, but that the production and expression of individual compounds and classes are
likely able to be up- or down-regulated, depending on the selective pressures acting on a given
species.
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To assess these trends in more detail, CoMET analysis of quantitative CHC composition (as
represented by PCs and CHC proportions) was performed. This revealed that the first three PCs
all fit different modes of evolution for males (PC1: punctuated/equal, PC2: nonphylogenetic/free, PC3: pure-phylogenetic/distance) as well as females (PC1 and PC2: nonphylogenetic/distance, PC3: pure-phylogenetic/distance). Although we were unable to clearly
differentiate all of these models (AIC differences <2), what is apparent is that each PC differed
in the model of evolution that best explained its divergence, suggesting that the compounds
contributing to those PCs may have evolved under different selective pressures. This makes
sense, as individual CHC substances should experience different selective pressures depending
on their individual structure, physiochemical properties, and consequent biological function
(Chung and Carrol 2015). Importantly, while we could not distinguish between punctuated and
phylogenetic models for male PC1, the equal rate was the best fit in both cases, which is
indicative of speciational change, and potentially saltational evolution (Schwander et al. 2013).
Male PC2, female PC1 and female PC2 all best fit non-phylogenetic models – which indicates
that these compounds have experienced very rapid divergence following speciation events,
possibly resulting from natural or sexual selection. Lastly, male PC3 and female PC3 were best
represented by pure-phylogenetic models, suggesting that there has been limited selective
pressure and a slow gradual accumulation of changes in the contributing CHCs. This trend
might be expected in compounds that fulfil crucial roles in survival and are widespread, or rarer
compounds such as the alkynes (which contributed significantly to PC3 in both sexes and were
almost exclusively found in the outgroup L. cuprina).

We also assessed the evolution of CHC proportions and found punctuated models of evolution
to be the best fit in most cases. This supports the above findings, with only alkynes appearing
to have evolved phylogenetically; they are rarely expressed in Chrysomya and predominantly
found in L. cuprina. For all other CHC proportions, the observed punctuated evolution may be
indicative of sexual selection. Punctuated evolution suggests a correlation between speciation
and saltational changes in CHCs (Schwander et al. 2013). As such, this suggests that during
speciation events in Chrysomya, selective pressure may have driven saltational changes in the
overall proportions of specific compound classes. Such saltational changes are often
characteristic of pheromones involved in mate and species recognition, presumably due to their
role in reinforcing mating isolation (van Wilgenburg 2011). This is because if CHCs facilitated
sexual attraction, but changed gradually, then the likelihood of cross-attraction and
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hybridization would be high, hampering the process of reproductive isolation and speciation.
We would only expect to observe gradual CHC divergence between close relatives if selective
pressure on CHCs as sexual cues was relaxed. In support of this, we found that punctuated
models explained the divergence of olefinic and methyl-branched CHC proportions in both
sexes. It has been suggested that olefinic and branched hydrocarbons carry the most
information content (due to their structural diversity) and are thus the CHCs that are most
commonly adapted for sexual communication (Chung and Carroll 2015). The fact that we
found the proportions of branched and olefinic compounds to change rapidly between closely
related species, via punctuated evolution, may suggest that sexual selection has played a key
role in their diversification. As further evidence of sexual selection, sexual dimorphisms in
CHC profiles were widespread in the genus, with only 2/10 species showing sexually
monomorphic profiles. In addition, it was clear from the parsimony reconstruction that patterns
of CHC divergence differed between males and females of the same species. For example, Ch
megacephala and Ch. saffranea are close relatives and the male CHC profiles reflect this.
However, the female profiles of these two species have experienced markedly different
selection, causing substantial diversification and leading to clear sexual dimorphisms in both
species.

Nevertheless, the observed diversification may also be the result of ecological adaptation. The
divergence between Ch. varipes and Ch. flavifrons supports this notion and may be the result
of two main ecological considerations. First, Ch. flavifrons is a habitat specialist, restricted to
the rainforests of Northern New South Wales and Queensland (Butterworth et al. 2019),
whereas Ch. varipes is a habitat generalist, which is broadly distributed across the Australian
continent (Butterworth et al. 2018). These extreme differences in habitat have likely led to
divergent pressures on CHC expression, which may have led to the stark differences seen in
CHC profiles between the two species. Second, as Ch. flavifrons is restricted to temperate
rainforests, it has a much patchier distribution than Ch. varipes, meaning that populations likely
experience reduced gene flow (Llorens et al. 2017; De Vriendt et al. 2017), increasing the
potential for changes in CHC expression to rapidly fix in a given population and subsequently
increase the extent of CHC divergence. Similar environmental effects may also explain the
rapid divergence between Ch. semimetallica and Ch. latifrons. These sister species are largely
allopatric in Australia, the former restricted primarily to warmer northern regions of
Queensland and the latter restricted to temperate forests in New South Wales (Kitching 1976;
Kitching and Voeten 1977). The warmer temperatures experienced by Ch. semimetallica may
77

have increased selection for desiccation resistance, leading to greater expression of CHCs or
an alternate suite of CHCs which may be involved in maintaining water balance.

4.5.5 Conclusion
CHCs have diversified rapidly in Chrysomya, are sexually dimorphic in several species, and
have likely played an important role in the evolution of the genus. Importantly, we have shown
for the first time that CHCs have diverged in a punctuated and non-phylogenetic manner in
blowflies, possibly due to saltational changes during speciation events. It is likely that both
ecological and sexual selection have shaped these patterns of CHC diversification, supporting
their classification as dual traits, and our study now provides a comprehensive framework for
testing such hypotheses. Future work should aim to investigate the biological function of CHCs
in Chrysomya, as well as a wider variety of blowfly species, particularly focusing on the role
CHCs play in blowfly sexual behaviour. More broadly, it will be crucial for future studies of
CHC evolution to target multiple stages of development, consider the effect of sex on CHC
divergence, and encompass a much wider variety of insect taxa.
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Chapter 5. Love at first flight: Wing interference patterns are
species-specific and sexually dimorphic in blowflies
(Diptera: Calliphoridae)

5.1 Abstract
Wing interference patterns (WIPs) are stable structural colours displayed on insect wings
which are only visible at specific viewing geometries and against certain backgrounds. These
patterns are widespread among flies and wasps, and growing evidence suggests that they may
function as species- and sex-specific mating cues in a range of taxa. As such, it is expected
that WIPs should differ between species and show clear sexual dimorphisms. However, the
true extent to which WIPs vary between species, sexes, and individuals is currently unclear,
as previous studies have only taken a qualitative approach, with no consideration of how
WIPs might be perceived by the insect. Here, we perform the first quantitative analysis of
inter- and intra-specific variation in WIPs across seven Australian species of the blowfly
genus Chrysomya. Using multispectral digital imaging and a tentative model of blowfly
colour vision, we provide quantitative evidence that WIPs are species-specific, highlight that
the extent of divergence is greater in males than in females, and demonstrate sexual
dimorphisms in several species. These data provide evidence that WIPs have diversified
substantially in blowflies and suggests that sexual selection may have played a role in this
process.
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5.2 Introduction
When considering the vast suite of signals involved in animal communication, few capture the
collective human interest more than those involving vision. Visual signals have been studied
across an enormous variety of animal taxa, from birds (Dale et al. 2015), to frogs (Bell et al.
2017), lizards (McDiarmid et al. 2017), fish (Gerlach et al. 2014), spiders (Girard et al. 2011),
and flies (White et al. 2019). Despite the breadth of this work, research continues to unravel
novel modes of visual communication. Recently, there have been many discoveries of cryptic
modes of visual communication – signals that are visible only to select audiences or under
certain ecological settings. These inconspicuous signals are particularly prevalent among
insects, most likely due to their unique and diverse visual ecologies (Lunau 2014). Examples
include UV iridescent wing-spots that can only be seen from particular viewing angles (White
et al. 2015), high-frequency wing-flashes that require rapid visual processing to be perceived
(Eichorn et al. 2017), and colourful thin-film wing interference patterns (WIPs) that only
appear at specific geometries and against certain backgrounds (Shevstova et al. 2011;
Katayama et al. 2014).

WIPs are particularly widespread, and are found across all Hymenoptera, Diptera, Odonata,
and some Hemiptera (Shevstova et al. 2011; Simon 2013; Brydegaard et al. 2018). They appear
as brilliant patterns of colour that span the entire wing and are caused by the same process that
leads to the array of colours seen in bubbles of soap. This process is referred to as two-beam
thin film interference, and is caused by the interaction between light and the chitinous wing
membrane. The specific geometry, hue, and intensity of insect WIPs is dependent on several
variable aspects of wing morphology, including: 1) membrane thickness, since areas of
differing thickness will reflect different interference colours, 2) wing corrugation, which
scatters light in a coherent manner and determines the angle of interference reflection, and 3)
the placement of michrotrichia, which produces spherical reflection around the base of each
hair, resulting in a more ‘pebbled’ WIP appearance (Shevstova et al. 2011). Importantly, while
WIPs remain stable over the lifespan of individuals (and even long after death), they exhibit
limited-view iridescence, whereby the visibility of the pattern diminishes at acute geometries
and against certain backgrounds (Shevstova et al. 2011).

While it is well known that many insect taxa possess exceptional vision and are capable of
perceiving and discriminating colours (Hymenoptera: Peitsch et al. 1992; Diptera: Lunau
2014), the biological function of WIPs has long been overlooked. However, a growing body of
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research suggests that they may function as species- and sex-specific mating cues across a wide
range of insects. In support of this, WIPs have been reported to be qualitatively species-specific
across many Diptera (Shevstova et al. 2011), Hymenoptera (Buffington and Sandler 2011;
Shevtsova and Hansson 2011), and Hemiptera (Simon 2013) – including between closely
related species. There is also direct evidence that WIPs play an important role in sexual
behaviour, as they have been correlated with male mating success and shown to evolve in
response to sexual selection in Drosophila species (Katayama et al. 2014; Hawkes et al. 2019).

Despite this apparent role in reproduction, WIPs have been studied in less than 0.01% of insects
– and there have been no attempts to quantitatively assess inter- and intra-specific variation.
Most previous comparative studies have only approached WIP analysis from a qualitative
perspective, without statistical interpretation, and without considering how WIPs are perceived
by the viewer (Buffington and Sandler 2011; Shevstova et al. 2011; Shevstova and Hansson
2011; Simon 2013). Furthermore, of the few studies that have quantitatively measured WIPs,
none have explicitly tested whether WIPs are species-specific or sexually dimorphic
(Katayama et al. 2014; Brydegaard et al. 2018; Hawkes et al. 2019). As such, our current
understanding of how WIPs vary between species, sexes, and individuals, is lacking. To
address this, there is a need for studies that quantify inter- and intra-specific variation across a
range of taxa, particularly in a quantitative and viewer-dependent context. Such comparative
studies are necessary for informing hypotheses regarding the biological function of WIPs,
while also serving as a quantitative basis for the use of WIPs in insect taxonomy.

The blowflies (Diptera: Calliphoridae) provide an ideal system to investigate the diversity and
function of WIPs. Blowflies possess exceptional visual acuity and colour vision (Kirschfield
1983; van Hateren et al. 1989; Lunau 2014), and many species rely heavily on visual cues for
sexual communication (Jones et al. 2014; Eichorn et al. 2017; Butterworth et al. 2019). These
characteristics are especially apparent in the genus Chrysomya, in which many species exhibit
sexually dimorphic eye morphology, in the form of holoptic eyes and ocular ‘bright zones’ in
males (van Hateren et al. 1989), which are presumably involved in the recognition of lightbased mating signals. Further to this, vision appears to play an important role in the sexual
behaviour of two Australian species; Ch. varipes (Jones et al. 2014) and Ch. flavifrons
(Butterworth et al. 2019). Here, we address this topic by quantitatively assessing the inter-and
intra-specific variation of WIPs across seven species of Australasian Chrysomya. Considering
their heavy reliance on visual signals in mate choice and recognition, and the diversity of their
86

sexual behaviour we predict that WIPs will be highly species-specific and sexually dimorphic
in this genus.
5.3 Methods
Wild flies of seven species of Australian Chrysomya (Ch. rufifacies, Ch. incisuralis, Ch.
varipes, Ch. flavifrons, Ch. megacephala, Ch. saffranea, and Ch. semimetallica) were hand
netted over carrion bait between Wollongong, NSW and Brisbane, Queensland between
October 2018 and March 2019. A total of 10 - 20 adults of each sex were collected, euthanized
by freezing, and brought back to the lab at the University of Wollongong. Both left and right
wings were removed from each fly and placed between a glass slide and coverslip, which were
held in place using adhesive tape, for a total of 413 wings. As flies age, substantial damage and
fraying occurs along the wing margin, and out of the 413 wings retrieved from wild specimens,
only 231 were suitably intact for imaging and analysis. Damaged wings were deemed suitable
for analysis if the damage only effected a single cell.

5.3.1 Photos
Wings were mounted with transparent UHU glue onto a custom rotating stage and positioned
at a 45° angle which maximised WIP visibility. Photos were taken of both the left and right
wing of each fly with a MZ16A stereomicroscope mounted with a Leica DFC295 digital
microscope colour camera. All photos were taken at the same magnification, under
standardised and uniformly diffuse lighting provided by a Leica LED5000 HDI illuminator.
The Leica DFC295 produces non-linear images (in the visible spectrum), which are unsuitable
for objective measurement (Hawkes et al. 2019). As such, we processed our whole-wing
images using the Multispectral Image Analysis and Calibration Toolbox for ImageJ (MICA
toolbox) (Troscianko et al. 2019). This produces linearized, calibrated images which allow for
the measurement of relative reflectances. We calibrated our images against a 3% reflectance
standard from an X-rite colour checker passport, which was placed 5 mm below the wing in
the background of each photo. This resulted in a total of 231 multispectral images (visible
spectrum only) of left and right wings across the seven Chrysomya species.

From these multispectral images, we were able to take measurements of the average values of
red, green, and blue (RGB) channels (hereafter referred to as mean ‘colour’) and the standard
deviation in RGB (hereafter referred to as ‘colour contrast’) across five individual wing cells
(Figure 5.1) as well as a measurement of the entire wing. Based on these measurements, wing
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cells that consisted of a single colour (i.e. only red) would have a high mean colour, but low
contrast, while wing cells that consisted of several colours would have high contrast (Hawkes
et al. 2019). In addition to this viewer-independent analysis, we used a cone-mapping approach
to convert the multispectral images into two viewer-subjective formats; the CIELab model of
human colour sensation, and a receptor-based model of ‘blowfly vision’ based on the visual
phenotype of Calliphora. Using these different models (RGB, CIELab, blowfly) we were able
to assess the robustness of our results across three independent datasets. CIELab is a
perceptually uniform model of human vision, whereby ‘L’ represents lightness, ‘a’ represents
values on a green-red axis, and ‘b’ represents values on a blue-yellow axis. We measured the
average L, a, and b pixel values (hereafter referred to as human ‘colour’) and standard deviation
in L, a, and b pixel values (hereafter referred to as human ‘colour contrast’). The CIELab model
allowed us to validate whether human-perceived qualitative differences in WIPs translate to
quantitative differences – which will be important for their use in insect taxonomy. For the
blowfly visual model, we were unable to measure UV reflectance due to the limitations of our
digital microscope camera. As such, we created a simple receptor-based model of blowfly
colour vision, based on the long-wavelength sensitivities of Calliphora (Kirschfield 1983;
Hardie and Kirschfield 1983), as there are no published receptor sensitivities for Chrysomya
species. We assumed involvement of the R8p (Rh5 opsin) and R8y (Rh6 opsin) receptors,
which partly mediate colour vision (Lunau 2014), as well as the R1-6 receptors (Rh1 opsin)
which contribute to both colour and luminance vision in flies (Schnaitmann et al. 2013). We
estimated the mean quantum catch of Rh5, Rh6 and Rh1 (hereafter blowfly ‘colour’) as well
as their standard deviation (hereafter blowfly ‘colour contrast’) across each of five individual
wing cells, as well as the entire wing. This blowfly model allowed us to assess WIP variation
in the context of the most ecologically relevant viewer, and the likely agent of selection on
these patterns.
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Figure 5.1 The five wing cells used for mean and standard deviation measurements of WIP colour and
colour contrast across seven Chrysomya species. Wing cells denoted are A: 2nd posterior, B: radial 4 +
5, C: discal medial, D: anterior cubital, E: radial 2 + 3. Measurements were made for RGB, CIELab,
and blowfly colour space. Measurements of the whole wing were also taken.

5.3.2 Analysis
To broadly assess the patterns of variation in the wing interference patterns of Australian
Chrysomya, we first assessed the effects of species, sex, and wing side (left or right) on WIP
variation. To do this, we first added a small constant (0.1) to each dataset (RGB, CIELab, and
blowfly) to remove zeros associated with damaged wing-sections that were not measured. We
then scaled each dataset using the inbuilt R scale function (R Core Team 2019) and performed
a redundancy discriminant analysis (RDA) on each using the R packages ‘vegan’ (Oksanen et
al. 2019) and ‘RVAideMemoire’ (Hervé 2019). To validate the effect of species, sex, and wing
on WIP variation, the total percentage of constrained variance explained by the three factors
was estimated by a canonical R2 called the ‘bimultivariate redundancy statistic’ (Miller and
Farr 1971; Peres-Neto et al. 2006; Hervé et al. 2018). For the RGB, CIELab, and blowfly
datasets species, sex, wing, and their interactions explained 46% (RGB), 38% (CIELab), and
51% (Blowfly) of the total variation in WIP colour and 62% (RGB), 58% (CIELab), and 53%
(Blowfly) of the total variation in WIP colour contrast. To test whether these constrained
variances constituted a significant proportion of the variation in each dataset, permutation Ftests based on the canonical R2 were performed (Legendre and Legendre 2012; Hervé et al.
2018). The tests were all declared significant (PERMANOVA; P < 0.001), which implies that
the chosen factors (species, sex, and wing) explained a significant proportion of the total
variation in colour and contrast in each of the three datasets. As such, to test for the individual
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effects of each factor, a second permutation F-test was performed for species, sex, wing and
the species × sex × wing interaction.

To assess the differences between species while accounting for sex-specific variance, we
separated the CIELab and blowfly datasets into male and female datasets and performed two
further RDAs. For these analyses, we used only measurements from the left wings, as while
preliminary inspections showed minor asymmetries between left and right wings within species
(Figures S1 & S2), these were not statistically significant. For the female datasets, species
explained 34% (CIELab) and 51% (Blowfly) of the total variation in WIP colour and 54%
(CIELab) and 59% (Blowfly) of the total variation in WIP colour contrast. For the male
datasets, species explained 36% (CIELab) and 45% (Blowfly) of the total variation in WIP
colour and 58% (CIELab) and 47% (Blowfly) of the total variation in WIP colour contrast. To
test whether these variances constituted a significant proportion of the data, permutation Ftests based on the canonical R2 were performed. The tests were all declared significant
(PERMANOVA; P < 0.001), which implies that differences in colour and colour contrast
between species explained a substantial portion of the total variation of each dataset. As such,
a pairwise comparison using the function ‘pairwise.factorfit’ from ‘RVAideMemoire’ was used
to specifically assess which species differed significantly from each other within the male and
female datasets. Lastly, to assess intra-specific variation (i.e. whether WIPs were sexually
dimorphic), datasets were separated into species, resulting in seven individual CIELab datasets
and seven individual blowfly datasets. To consider the effect of sex, each dataset was scaled
with the inbuilt R function, and principal component analysis (PCA) was conducted. Univariate
analysis of variance (ANOVA) was then performed on the extracted PCs from each dataset to
test for significant differences in PCs (representing colour or contrast) between male and
female wings. All PCA and ANOVA analyses were performed using the R base package (R
Core Team 2019), the ‘Factoextra’ package (Kassambra and Mundt 2017), and the ‘ggFortify’
package (Tang et al. 2016).
5.4 Results
Initial observations indicated that there was substantial inter-specific variation in WIPs, with
clear differences between species. Ch. rufifacies and Ch. incisuralis, for example, showed
vastly different WIPs compared to Ch. flavifrons and Ch. varipes (Figure 5.2). There were also
noticeable intra-specific differences between male and female WIPs in both colour and colour
contrast, particularly in Ch. flavifrons (Figure 5.2).
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To assess these patterns of variation, while accounting for species, sex, and wing, RDA was
performed. The RDA revealed that the combined effect of species, sex, and wing explained a
significant proportion of overall variation in colour and contrast across RGB, CIELab and
blowfly datasets. Of the constrained variance (the variance explained by all three factors),
discriminant components 1-5 collectively accounted for 95.17% (RGB), 91.89% (CIELab),
98.10% (blowfly) of the variation in colour, and 98.04% (RGB), 97.36% (CIELab), 97.58%
(blowfly) of the variation in contrast. Permutation F-tests suggested that species
(PERMANOVA; P < 0.001), sex (PERMANOVA; P < 0.001), and the species × sex interaction
(PERMANOVA; P < 0.001) each individually explained a significant proportion of colour and
colour contrast variation across all three models (RGB, CIELab and Blowfly) (Table S1).
While wing also explained a significant proportion of colour variation in the RGB and CIELab
datasets (PERMANOVA; P < 0.05), this was not significant when considered as an interaction
with species, sex, or species × sex (Table S1). Considering that asymmetries between mean
values of left and right wings within species and sex were not statistically significant (Table
S1) we opted to perform all subsequent analyses with left wings only.
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5.4.1 Inter-specific comparisons
To assess how WIPs varied between species, we had to account for the sexual variation in WIP
colour and contrast. To do so, a second RDA was performed on individual male and female
datasets (for CIELab and blowfly visual space). The RDA revealed substantial inter-specific
variation in WIPs in both the blowfly (Figure 3) and CIELab datasets (Figure S3), whereby
species explained a significant proportion of the variation in male WIP colour (CIELab:
35.74%; Blowfly: 45.24%), male WIP contrast (CIELab: 57.35%; Blowfly: 46.74%), female
WIP colour (CIELab: 34.27%; Blowfly: 51.30%) and female WIP contrast (CIELab: 53.94%;
Blowfly: 58.67%). Pairwise comparisons on the blowfly dataset (Table 1) showed that for
females, variation in WIP colour did not separate any species from their closest relatives
(Pairwise comparison: P > 0.05). However, female variation in WIP contrast clearly separated
Ch. varipes from its sister species Ch. flavifrons (Pairwise comparison: P < 0.05). In males,
variation in WIP colour separated all species from their closest relatives (Pairwise
comparisons: P < 0.05), with the exception of Ch. megacephala and Ch. saffranea (Pairwise
comparisons: P > 0.05). Similarly, male variation in WIP contrast separated all species from
their closest relatives (Pairwise comparisons: P < 0.05). Pairwise comparisons of the CIELab
data showed similar results, whereby variation in both WIP colour and WIP contrast
significantly separated all closely related species (Pairwise comparisons: P < 0.05) (Table S2).
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Figure 5.3 Quantitative differences in the wing interference patterns (WIPs) of male (M) and female (F)
Australian Chrysomya represented by discriminant factors 1 (DF1) and 2 (DF2). Results are from a redundancy
discriminant analysis of WIP colour (as represented by average measurements of Rh5, Rh6, and Rh1 values) and
WIP colour contrast (as represented by standard deviations in Rh5, Rh6, and Rh1 values). All measurements
were made in ‘blowfly visual space’ using the receptor sensitivities of Calliphora in the Multispectral Image
Analysis and Calibration Toolbox for ImageJ (MICA toolbox) (Troscianko et al. 2019).
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S4-a, S5-a, S6-a). As such, ANOVA was performed on the first five PCs extracted from these
datasets for each species. For the blowfly data, this revealed significant differences between
male and female WIP colour in Ch. rufifacies, Ch. flavifrons, Ch. megacephala and Ch.
semimetallica (Table S3-a). Further, WIP contrast also showed sex-specific differences in Ch.
rufifacies, Ch. flavifrons, and Ch. varipes (Table S4-a). Similarly, the first five PCs extracted
from the CIELab dataset showed sex-specific differences in WIP colour and contrast for all the
above species, as well as for Ch. saffranea (Tables S5-a & S6-a). To determine which variables
(i.e. which aspects of colour and which wing cells) contributed to each principal component,
we used the ‘fviz_contrib’ function from ‘factoextra’. To see which variables characterise the
sexual differences in WIP colour and contrast for each of the seven Chrysomya species, see
Tables S3-b, S4-b, S5-b and S6-b.
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Figure 5.4 PCA plots representing sex-specific differences in the ‘blowfly’ average colour of WIPs
(mean Rh1, Rh5 and Rh6 values) in seven Australian Chrysomya species. Ellipses reflect normal
multivariate confidence intervals. The blue dots and ellipses represent males, while red dots and
ellipses represent females. All measurements were made in ‘blowfly visual space’ using the receptor
sensitivities of Calliphora in the Multispectral Image Analysis and Calibration Toolbox for ImageJ
(MICA toolbox) (Troscianko et al. 2019).
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Figure 5.4 PCA plots representing sex-specific differences in the ‘blowfly’ colour contrast of WIPs
(standard deviation in Rh1, Rh5 and Rh6 values) in seven Australian Chrysomya species. Ellipses
reflect normal multivariate confidence intervals. The blue dots and ellipses represent males, while red
dots and ellipses represent females. All measurements were made in ‘blowfly visual space’ using the
receptor sensitivities of Calliphora in the Multispectral Image Analysis and Calibration Toolbox for
ImageJ (MICA toolbox) (Troscianko et al. 2019).
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5.5 Discussion
Wing interference patterns are widespread among insects, and accumulating evidence suggests
that they may function as species- and sex-specific mating cues. Despite this, past inter- and
intra-specific comparisons have been limited to qualitative assessments. Here, we provide
quantitative evidence that WIPs are species-specific in the blowfly genus Chrysomya. We also
show that the extent of divergence is greater in males than in females, and highlight significant
sexual dimorphisms in several species. Our findings support the notion that WIPs may play an
important role in blowfly mating behaviour by functioning as species- and sex-specific mating
cues.

5.5.1 Species differences
Since the RGB, CIELab, and blowfly analyses all produced qualitatively similar results, the
subsequent discussion will focus primarily on the results of the blowfly-based analyses, as
these data represent the most ecologically relevant receiver. Our results highlight substantial
diversification in WIPs in Chrysomya, with significant differences between several species,
particularly between close relatives. Notably, the patterns of inter-specific variation differed
between males and females; female differences in WIP colour (that is the average colour as
measured in our blowfly model) did not separate close relatives, whereas female differences in
WIP contrast (that is the number of contrasting colours as measured in our blowfly model)
clearly separated female Ch. varipes from Ch. flavifrons. In males, divergence between species
was greater, whereby the WIPs of most closely related species diverged substantially. For
example, WIP colour separated Ch. incisuralis from Ch. rufifacies, and Ch. varipes from Ch.
flavifrons, while WIP contrast separated Ch. saffranea from Ch. megacephala. These
differences were even more pronounced in the CIELab data (Table S2), where almost every
species separated based on WIP colour and WIP contrast. However, Ch. megacephala and Ch.
saffranea overlapped substantially in both the blowfly and CIELab datasets, indicating limited
divergence in WIPs between these two very closely related species. Further to this, there was
substantial overlap in both blowfly and CIELab measurements between the Ch.
megacephala/Ch. saffranea species group and the distantly related Ch. incisuralis/Ch.
rufifacies species group, which suggests convergent evolution in WIP patterns in these two
groups.

Our data also suggest that selection for WIP divergence differs between males and females.
For example, Ch. incisuralis and Ch. rufifacies males differ based on WIP colour and WIP
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contrast, while females do not differ in either measurement. Likewise, males of Ch. saffranea
and Ch. megacephala differ in WIP colour contrast, but females do not differ in either
measurement. Moreover, males of Ch. varipes and Ch. flavifrons differ in WIP colour and WIP
contrast, while females only differ in WIP contrast. If blowfly WIPs are in fact used as mating
cues, these results might suggest that WIP divergence is primarily driven by selection on male
wings. This is supported by findings from previous work in Drosophila species, where male
WIPs, but not female WIPs, have been shown to experience sexual selection (Hawkes et al.
2019). Importantly, when comparing between males of different species (except Ch. saffranea
and Ch. megacephala) it was both the mean colour and colour contrast of WIPs that varied –
suggesting that both aspects of the pattern may be relevant in the context of signalling. This is
supported by findings in Drosophila simulans where there was evidence for sexual selection
on average wing colour, colour contrast, as well as luminance, across the whole wing (Hawkes
et al. 2019). As such, both the average colour of the WIP, and the number of contrasting colours
within, are likely to be important aspects of fly WIPs, and future studies should consider both
traits when making comparisons.

It is also plausible that the species-specific differences in WIPs we report are unrelated to
sexual selection but are instead a side effect of differences in body size and wing morphology
between species. This is because body size and wing membrane thickness tend to scale
allometrically (Wootton 1992) which has a direct effect on the colours reflected in WIPs.
Specifically, the sequence of WIP colours corresponds to the Newton series reflected from a
thin film of oil on water (Shevstova et al. 2011; Katayama et al. 2014). The first three Newton
orders (0 to 550 nm wing membrane thickness) are the brightest and display a near complete
scale of spectral colours, except for pure red. This explains why the smaller species, Ch.
varipes, Ch. flavifrons, and Ch. semimetallica (~3-6 mm body length), with thinner wing
membranes show brighter WIPs composed of blues, greens, yellows, and purples (Figure 2).
Conversely, larger species with thicker wing membranes (≥550 nm wing membrane thickness)
appear to display duller WIPs (Buffington and Sandler 2011) composed of non-spectral (to the
human eye) magentas and greens that gradually fade into uniform pale grey. This is apparent
in the larger Chrysomya species (Ch. incisuralis, Ch. rufifacies, Ch.megacephala and Ch.
saffranea; all ~8-12 mm body length) and explains why the WIPs of these species overlap
substantially. Therefore, the substantial differences between the species pairs Ch. varipes/Ch.
flavifrons and Ch. incisuralis/Ch rufificacies can be primarily attributed to gross differences in
body size and wing membrane thickness.
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While larger blowfly species tended to display duller WIPs, the differences in colour patterns
are still statistically distinct in our model of blowfly colour vision, separating Ch. rufifacies
and Ch. incisuralis across several measurements. Therefore, it is plausible that even the duller
WIPs of larger blowflies may still act as species- and sex-specific cues. Gross differences in
body size cannot, however, explain the observed divergence in WIPs between species with
similar body and wing sizes. For example, male WIPs of Ch. incisuralis and Ch. rufifacies
clearly diverge, but body and wing size are almost identical in both species. Likewise, in Ch.
varipes and Ch. flavifrons, stark differences in WIPs are apparent between species, but both
species exhibit similar wing structure (Aldrich 1925). Therefore, the differences in WIPs
between these closely related species must be due to more fine-scale differences in wing
membrane thickness, perhaps restricted to specific parts of the wing. While these fine-scale,
species-specific differences in wing structure may result from sexual selection on WIPs as
species- and sex-specific signals, it is also likely that they are the result of differing ecological
selection on wing morphology for flight performance (Taylor and Merriam 1995; DeVries et
al. 2010).

5.5.2 Sex differences
If sexual selection has acted on the WIPs of male Chrysomya, then we might expect to see
evidence of sexual dimorphism, either in WIP colour or colour contrast, across multiple
species. Correspondingly, sexual dimorphism in PCs were apparent for five of the seven
species. Chrysomya rufifacies, Ch. flavifrons, Ch. megacephala, and Ch. semimetallica all
showed sex-specific differences in the average colour and contrast of WIPs. Whereas Ch.
varipes only showed sex-specific differences in WIP colour contrast. Importantly, while the
whole wing contributed to the sexual variation of some species, in most species it was specific
wing cells that contributed most of the sex-specific variation (Table S3-b). This suggests that
certain sections of the wing may be under stronger selection than others, and highlights that
taking measurements across the whole wing can in fact cloud patterns of inter- and intraspecific variation. The use of highly localised colour patterns as signals has been demonstrated
in many other animal taxa (Breuker and Brakefield 2002; Fleishman et al. 2017) and may partly
explain why no sexual dimorphism was apparent across the whole wing measurements of
Drosophila simulans (Hawkes et al. 2019).

The greatest degree of sexual dimorphism observed in the present study was in Ch. flavifrons
– a species where visual cues are known to play a key role in mating behaviour during male
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courtship displays (Butterworth et al. 2019). This was predominantly driven by differences in
the average colour of wing cell E, and the colour contrast of wing cells B and C. The sexspecific differences in the average colour of wing cell E are likely due to the fumosity (light
brown pigmentation) extending from the wing margin of males, which is not present in females.
Pigmentation is known to substantially affect interference colouration, likely constituting an
important component of WIP displays in numerous flies and wasps (Shevstova et al. 2011) and
has likely evolved as a component of the male courtship display in Ch. flavifrons (Butterworth
et al. 2019). Nevertheless, sexual dimorphism was also observed in wing cells B and C of Ch.
flavifrons, areas where no wing pigmentation is apparent. Likewise, sexual dimorphism was
apparent in Ch. rufifacies and Ch. semimetallica, two species where neither male nor female
wings exhibit pigmentation. These sex-specific differences must therefore be the result of
minor differences in wing membrane thickness and corrugation, both of which may be the
result of selection for sex-specific WIPs.

While sexual dimorphism is often the result of sexual selection, there are also numerous
examples of sexual dimorphism being driven primarily by ecological selection (Slatkin 1984;
Taylor et al. 2019). For example, sexually dimorphic wing morphology resulting from sexspecific selection on flight performance has been demonstrated in Morpho butterflies (DeVries
et al. 2010). Similarly, flight performance is known to differ between male and female
blowflies, as males are adapted to chase females mid-flight (Trischler et al. 2010). The
necessity for males to track females, and rapidly adjust their trajectory during flight may
therefore impose selective pressure on male wing morphology, which might not be experienced
by females - hence leading to sexually dimorphic membrane thicknesses and WIPs, which are
unrelated to signalling. However, it seems unlikely that selection for flight performance would
only result in minor changes to wing membrane thickness between the sexes, without more
substantial differences in wing shape and size as is the case in Morpho butterflies (DeVries et
al. 2010). Overall, we suggest that these differences are primarily driven by sexual selection,
particularly in Ch. varipes and Ch. flavifrons; two species where males perform complex
courtship displays (Jones et al. 2014; Butterworth et al. 2019). These displays mirror those seen
in Drosophila species, where WIPs almost certainly constitute an important component of the
display (Katayama et al. 2014; Hawkes et al. 2019).
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5.5.3 Conclusions
In their comprehensive review of fly vision, Lunau et al. (2014) stated “Interestingly, only a
few flies exhibit a dimorphism of coloured courtship signals, indicating that courtship and
mating are based on cues other than colour”. Here, we provide quantitative evidence that WIPs
are sexually dimorphic and differ substantially between closely related blowflies. This, in line
with the recent findings that WIPs are under sexual selection in Drosophila, suggests that
colour may play a greater role in fly mating behaviour than previously thought, and further
substantiates WIPs as a promising avenue for research into colour-based mating signals in flies.

However, the study of insect WIPs is still in its infancy, and while our results show substantial
species- and sex-specific differences in the WIPs of Australian Chrysomya – whether these
patterns extend to other taxa, and whether they are driven by ecological selection or sexual
selection remains to be validated. Our findings should also be tempered by the fact that we
used a tentative model of blowfly colour vision, and were unable to consider UV reflectance,
which may also form an important part of WIP displays – although, evidence in Drosophila
simulans suggests that UV may play only a minor role (Hawkes et al. 2019). Furthermore,
although we have demonstrated sexual dimorphisms in several parts of the wing, we used
standardised and diffused lighting and a uniform background – so exactly how these differences
appear to blowflies in a natural setting remains unknown. In fact, there have been no studies of
WIPs under ecologically relevant settings for any species, so there is still much to learn about
which aspects of the WIP are displayed and perceptible to flies under field conditions. Lastly,
there is a compelling need for more studies that combine multispectral imaging, a viewerdependent model of analysis, and behavioural assays as per Hawkes et al. (2019). We suggest
that Ch. flavifrons will be a good candidate for such studies in blowflies.
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Chapter 6. The blowfly waltz: field and laboratory observations
of the novel courtship behavior of Chrysomya flavifrons
(Diptera: Calliphoridae)

6.1 Abstract
Complex courtship has been well documented in the Diptera. However, studies have focused
on a limited number of taxa and mostly using lab populations, where behavior can differ
substantially compared to nature. To broaden our understanding of dipteran courtship, studies
are required in a wider range of species, across both wild and captive populations. The blow
flies (Diptera: Calliphoridae) include some of the most commonly encountered flies, yet
courtship has been documented in less than 1% of species and is reported to be brief and simple
throughout the family. To further investigate blow fly courtship, and to assess the effect of
captivity on behavior, this study aimed to document the courtship of a habitat specialist that is
endemic to Australasia, Chrysomya flavifrons. Video footage of wild and captive groups was
recorded and analyzed using behavioral analysis software. The specific aims were 1) to
quantify the behavioral sequences that constitute courtship and 2) to compare courtship
between wild and captive flies. We found that the courtship behavior of Ch. flavifrons was
complex and stereotyped, consisting of five discrete behaviors, which starkly contrasts with
the simple courtship observed in most calliphorids. All of these stereotyped behaviors were
observed in both wild and captive groups. However, the proportion of time males spent on
these behaviors differed substantially between groups. These findings highlight that blow fly
courtship behavior may be more complex than currently perceived, and that careful
consideration should be given to the influence of the laboratory environment in future studies
of fly behavior.
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6.2 Introduction
Sexual selection is a powerful evolutionary force that has given rise to a spectacular diversity
of courtship displays. Among insects, courtship displays are particularly diverse, consisting of
complex and highly variable behaviors across different sensory modalities. Notable examples
include the songs and pheromones of gryllid crickets (Sadowski et al. 2002; Thomas and
Simmons 2011), the vivid bioluminescent displays of fireflies (Stanger-Hall et al. 2015), and
the protracted and elaborate dances and gift giving of male balloon flies (Sadowski et al. 1999).
However, there are also many species in which there is a distinct absence of courtship display.
For example, in the eumenid wasp Abispa ephippium, males attempt to mount nest building
females with no prior courtship, and females are generally receptive (Matthews and Matthews
2009).

The astonishing diversity of insect courtship is particularly apparent in the flies (Diptera),
where precopulatory behavior involves complex combinations of visual, tactile, chemical,
vibratory, and acoustic cues (Von Schilcher 1976; Ewing 1983; Mazzoni et al. 2013). However,
the vast majority of studies have focussed on the families Drosophilidae, Tephritidae, and
Muscidae (Wicker et al. 2007), which are a narrow representation of the Diptera as a whole.
Additionally, much of this work has relied on laboratory populations (Soto-Yéber et al. 2019)
where simplified temporal, spatial, and environmental conditions can drastically affect the
sequence and variability of courtship (Ewing 1983; Thornhill and Alcock 1983; Lance et al.
2000; Byrne et al. 2008). As such, our current understanding of dipteran courtship behavior
(and indeed mating systems) is hindered by insufficient taxon sampling and a poor
understanding of behavior in wild populations. To broaden our understanding, there is a
compelling need for studies that document the courtship behavior of species in nature, as well
as in captivity. Moreover, to gain insights into the degree of taxonomic diversity in courtship
behaviors, there is a need for studies spanning a much wider variety of dipteran taxa.

Blow flies (Diptera: Calliphoridae) constitute part of the Calyptratae, one of the most diverse
dipteran clades, and include some of the best known and commonly encountered flies (Kutty
et al. 2010). Until recently however, courtship behavior had only been described for seven
species (Protophormia terraenovae: Parker 1968; Cochliomyia hominivorax: Guillot et al.
1978; Calliphora vomitoria: Trabalon et al. 1988; Phormia regina: Stoffolano et al. 1997;
Lucilia cuprina: Bartell et al. 1969; Chrysomya bezziana: Wardhana et al. 2013 and Lucilia
sericata: Benelli and Romano 2019). Based on these works, interactions between the sexes are
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brief, and female receptivity is mostly dependent on ovarian maturation and prior mating status
(Bartell et al. 1969; Cook 1992). Generally, males perch on twigs, branches, and leaves on the
periphery of carrion, which serve as sentinel positions to detect females (Guillot et al. 1978;
Romano and Benelli 2015). Males will pursue and attempt to mate in flight with almost any
passing object that resembles a female, or if a female is in proximity, will make an ambulatory
approach followed by brief tactile or gustatory contact prior to copulation (Parker 1968; Bartell
et al. 1969; Stoffolano et al. 1997; Benelli and Romano 2019). Although this sequence seems
superficially simple, the sensory ecology of blow flies is poorly understood, and there is likely
a battery of cryptic tactile, gustatory, visual, and acoustic cues transmitted during these
interactions (Eichorn et al. 2017; Butterworth et al. 2018). Furthermore, it is unlikely that this
sequence is characteristic of the entire Calliphoridae, because courtship behavior has been
documented in less than 1% of described species (6/1200). Investigation of courtship behaviors
in a broader range of blow fly species is likely to reveal an array of behaviors that are unique
to blow flies, and that will assist our understanding of dipteran mating system complexity.

Through a combination of field and laboratory studies on the small hairy maggot blow fly,
Chrysomya varipes, we recently demonstrated the first example of complex multimodal
courtship among the Calliphoridae (Jones et al. 2017). Chrysomya varipes is a highly abundant
habitat generalist found all over the Australian continent and a promising model for studies of
sexual selection in Diptera (Jones et al. 2014; Jones et al. 2015; Butterworth et al. 2018). It
constitutes a species group that contains only one other member, Ch. flavifrons; which in
contrast is a specialist restricted to the tropical rainforests of northern New South Wales and
Queensland. Little is known of the biology or mating behavior of Ch. flavifrons, but
considering its close relationship with Ch. varipes, we hypothesise that Ch. flavifrons also
displays complex courtship with a suite of novel behaviors. As such, the present study aims to
enhance our understanding of blow fly courtship by 1) describing and quantifying the discrete
behaviors involved in the courtship of Ch. flavifrons and 2) contrasting courtship behavior
under wild and captive conditions.
6.3 Methods and materials
6.3.1 Field observations
From November 4th - 13th 2018, Ch. flavifrons flies were attracted to a possum carcass held in
an open plastic container in Brisbane, Australia (27°27'54.8"S 152°57'59.5"E). Initial
observations of wild populations showed that male courtship involved a complex display that
109

was most frequently observed between the daylight hours of 1200 – 1500. As such, to quantify
the behavioral sequence observed in the wild, six full days of filming were undertaken in the
field under natural light and temperature conditions (temperature min: 23.2 °C, max: 32°C,
mean: 28.4°C). All observed courtship events were recorded with a Canon 70D DSLR camera
with a Canon EF 100mm f/2.8L lens. In some cases, filming was initiated after courtship had
begun, but never more than 10 seconds after courtship initiation. Filming continued until
mating occurred, or a maximum time of 30 minutes had elapsed. A total of 27 individual
courtship events were recorded. Hereafter, these flies are referred to as the “wild” group.

6.3.2 Insect capture
In the field, 40 male and 40 female flies were manually captured with a hand net from carrion
bait and transferred into a plastic cage (300 x 500 x 250 mm) with a fly screen lid. The cage
was transported back to the Ecological Research Centre (ERC) at the University of Wollongong
Australia and kept in a constant temperature room held at 23 °C ± 1 °C on a 12:12 h light/dark
cycle (light: 250 lux). All flies were allocated a constant supply of water and raw sugar, as well
as approximately 100 g of kangaroo mince, which provided a source of protein. Hereafter, these
flies are referred to as the “captive” group.

6.3.3 Laboratory observations
In order to compare the behavioral sequence of wild and captive groups, courtship of the
captive group was recorded in the transparent plastic cage. Filming was performed after flies
had been held in the laboratory for 72 hours, to ensure they had acclimated to the novel
environment. Behavior was recorded over five consecutive days, between the hours of 1200 –
1500. Temperature and lighting conditions were the same as described above under “insect
capture”. During this period, all observed courtship was video recorded using the same camera
detailed above, until mating occurred, or a maximum time of 30 minutes had elapsed. A total
of 23 individual courtship events were recorded.

6.3.4 Behavioral analysis
Analysis was performed for all events of courtship behavior (wild n = 27; captive n = 23) using
the behavioral analysis software package Solomon Coder (Version 17.03.22) (Péter 2017).
Male courtship behavior was quantified from the time of courtship initiation until mating,
cessation of courtship, or a total time of 30 minutes had elapsed. Across all courtship events,
five mutually exclusive behaviors were observed (Table 6.1). These were: 1) tapping (Fig 6.1.a)
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(recorded as a discrete event), and 2) wing extension (Fig 6.1. b), 3) orienting (Fig 6.1.c), 4)
face-off (Fig 6.1.d), and 5) waggle (Fig 6.1.e) (all recorded as state events). Spatial data were
also recorded in videos where male orientation was apparent, which included the average
distance and orientation between males and females during courtship. Angle and distance
measurements were taken with ImageJ 1.51, and were determined using the dorsoventral axis
of each fly (angle), and the midpoint of this axis (distance) (Briceño et al. 1996). The actual
value of distance measurements between males and females was calculated using a reference
object of known size in each video, for example a leaf or part of the cage (Frantsevich and Gorb
2006).

Figure 6.1 Male courtship behaviors observed in both wild and captive groups of Chrysomya flavifrons.
Behaviors include (a) tapping, (b) wing extension, (c) orienting, (d) face-off, (e) waggle. For behavioral
sequence see Figure 6.3.

6.3.5 Statistical analysis
To test for temporal relationships between male courtship behaviors, a first order Markov chain
model was used - where the probability of one act depends on the identity of the act preceding
it (Colgan 1978; Gottman and Roy 1990; Jones et al. 2017). To construct a transition matrix,
sequential data were used by tabulating all instances in which a specific behavior led to another
(excluding non-courtship behaviors), following Jones et al. (2017). Conditional probabilities
were calculated as the total number of each transition from one behavior to the subsequent
behavior, divided by the total number of incidents of the antecedent behavior (Saarikettu et al.
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2005). Alongside direct observations of courtship pairs, these matrices and conditional
probabilities were used to construct a flow diagram of courtship (Chelbi et al. 2012; Chen et
al. 2002).

To assess whether the frequency of these behavioral transitions deviated significantly from
random, a modification of Deming-Stephan iterative proportional fitting was used to calculate
expected values for the transition matrices, while accounting for the presence of structural zeros
in the dataset (Bishop et al. 1975; Girling and Carde 2006). The χ2 test was then used for both
the wild and captive group transition matrices to test whether the frequency of behavioral
transitions differed significantly from what would be expected if the behavioral transitions
occurred randomly.

Then, to assess the relative consistency of each behavioral transition within groups, the
Stereotypy Index (SI) of Haynes and Birch (1984) was used, which provides an objective
measurement of the variability of particular behavioral transitions. The Stereotypy Index is on
a scale of 0 to 1, where an index of 0 suggests that behavioral transitions are highly varied, and
an index of 1 suggests that transitions are highly stereotypic. Further, the weighted average of
these measures can be calculated, which provides a measurement of the fixity of the entire
behavioral sequence of a given group.

Lastly, to test whether there were differences in the proportion of time wild and captive males
spent on courtship behaviors, a Student’s t-test was conducted for each courtship behavior.
However, because proportional data are subject to compositional constraints, they must first be
transformed prior to any linear analyses (Warton and Hui 2011). As such, proportional
measurements of time spent in each behavior were logit transformed, followed by a ShapiroWilks test to ensure normality prior to analysis. All statistical analyses were performed using
the base package of R 3.6.0 (R Core Team 2019).
6.4 Results
In the field, we observed that males rapidly fly around shrubs and plants surrounding carrion,
approaching any objects that approximated the size and shape of a female, followed by
initiating their stereotypic courtship behaviors (Table 6.1; Supplementary material 1). We also
noted characteristic sexual differences in facial morphology, which might play a role in the
courtship behavior of this species (Fig. 6.2). During every courtship attempt, females would
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Figure 6.2 Sexually dimorphic facial characters of Chrysomya flavifrons displayed during courtship.
The parafacial and fronto-orbital plates are a dull yellow/brown, and the frontal stripe dark brown in
females (a) in contrast to both being brighter yellow in males (b). The bottom panels show male Ch.
flavifrons displaying facial characters to a female in the field during wing extension (c) (male on the
left) and face-off (d) (male on the right). Scale bars all represent 1.8 mm.

6.4.1 Sequence of behaviors during courtship
The flow diagrams were derived from transition matrices and suggest the following simplified
models of Ch. flavifrons courtship behavior. Within the wild population (Fig. 6.3 a), courtship
was always initiated with orienting, from which wing extension followed. Tapping would then
occur predominantly during wing extension or orienting. Males would predominantly transition
from orienting straight to face-off, as soon as they reached the front of the female. Once females
remained stationary, males would transition to the waggle behavior. Unsuccessful waggles
would predominantly lead back to the face-off behavior if the female remained stationary,
otherwise to orienting. This differed slightly from the behavioral sequence observed in the
captive group (Fig. 6.3 b), where waggle would transition back to orienting much more
frequently than back to face-off. Nevertheless, the behaviors of both wild and captive males
were all found to be highly stereotypic (SI ≥ 0.75), with the average Stereotypy Index of the
entire behavioral sequence being 0.88 for wild males, and 0.91 for captive males. However,
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while the frequency of all transitions differed significantly from random for the wild group (χ2
test: χ2 = 40.2, df = 16 , p ≤ 0.001) they did not for the captive group (χ2 test: χ2 = 20.7, df = 16,
p = 0.19).

For each courtship interaction, wild males spent on average 43.4 seconds courting, and captive
males spent on average 44.6 seconds courting. However, the proportion of time males spent on
each behavior was different between wild and captive groups. Proportionally, wild males spent
27.53% of the time orienting, 63.77% in face-off, 0.05% in wing extension, and 0.03%
waggling, and tapped 2.4 times. Captive group males spent 70.17% of the time orienting,
22.76% in face-off, 0.03% in wing extension, and 0.04% waggling, and tapped 4.5 times.
Students t-tests revealed that captive males spent a significantly greater proportion of time
orienting (t-test: t = 2.82, df = 47, p < 0.05), tapped significantly more (t-test: t = 2.83, df = 47,
p < 0.05) and spent significantly less time in face-off (t-test: t = 4.03, df = 44, p < 0.05)
compared to wild males. However, there was no significant difference in the proportion of time
spent in waggle (t-test: t = 1.03, df = 47, p = 0.31) or in wing extension (t-test: t = 0.108, df =
46, p = 0.91).
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Figure 6.3 Courtship sequence of a) wild and b) captive male Chrysomya flavifrons, derived from the
analysis of 27 and 23 individual occurrences, respectively. Asterisks represent those behaviors that
differed significantly between wild and captive groups. The size of the boxes represents the
proportion of time males spent on each behavior. The width of the arrows and associated numbers
represents the percentage of transitions in which one behavior was followed by the next. Mating was
only observed in the laboratory population.

In both wild and captive groups, male courtship behaviors all occurred within an average
distance of 4.65 mm from the female (± 1.45 S.D.). Additionally, the courtship behaviors
waggle and wing extension appeared to be lateralized and were only observed in specific
orientations from the female. The behavior waggle was only observed within 280° - 180° of
the front of the female (Q1: 0 Q3: 35), and the behavior wing extension was only observed
within 90° - 285° of the front of the female (Q1: 180, Q3: 265) (Fig. 6.4).
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Figure 6.4 Angle and distance of male Chrysomya flavifrons when performing characteristic
behaviors, which were calculated from the midpoint of the dorsoventral axis of the female to that of
the male. Bars represent interquartile range of the male angle when performing either behavior (n =
117 waggles, n = 42 wing extensions).

6.5 Discussion
Mating behavior has been studied in very few calliphorid species, and it is unknown how well
the behavior of individuals reared or conditioned in a captive environment translates to the
wild. As such, the present study aimed to describe the courtship sequence of Ch. flavifrons and
to assess differences in behavior of wild and captive groups. We found courtship behavior to
be complex and highly stereotyped in both groups, consisting of a sequence of five discrete
behaviors. We observed identical behaviors in both captive and wild groups, but found that the
proportion of time spent on certain behaviors differed significantly.

The carrion-breeding blow fly Ch. flavifrons is now the second known blow fly species where
males perform a prolonged novel complex courtship display (Jones et al. 2017). The initiation
of courtship follows a sequence that is also observed in numerous species of Drosophila
(Markow and Hanson 1981; Greenspan and Ferveur 2000; Mazzoni et al. 2013), some asilids
(Lavigne 1970) and the blow fly Ch. varipes (Jones et al. 2017). In these flies, males make an
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ambulatory approach towards females, and orient in a circular fashion, in an effort to engage
the female from the front. Importantly, orienting likely constitutes the first discretely sexual
cue received by the female, as the locomotory activity of the male during orienting clearly
differs from his normal movement. During these early stages, female Ch. flavifrons will often
run away from the male, so his ability to continue orienting towards her is dependent upon his
visual acuity, which may provide females with an assessment of his fitness (Greenspan and
Ferveur 2000). Subsequently, as the male orients, the female also modulates her locomotory
activity, and she will typically slow her movement until stationary, thus likely signalling her
receptivity to courtship (Von Schilcher 1976).
While orienting, males frequently tap the body of the female with their fore-tarsi. Tapping is
common among flies, including calliphorids (Bartell et al. 1969; Benelli and Romano 2019),
muscids (Colwell and Shorey 1975), and drosophilids (Ewing 1983; Yeh et al. 2006). In these
taxa, tapping functions to detect chemical cues such as cuticular hydrocarbons (CHCs), which
may facilitate conspecific and sexual identification (Wicker-Thomas 2007; Kohl et al. 2015;
Buellesbach et al. 2018). We have recently shown that CHC profiles of male and female Ch.
flavifrons are sexually dimorphic (Butterworth et al., unpublished data), so it is plausible that
transfer of CHCs via tapping is an important component of Ch. flavifrons mating behavior.
However, tapping may also act as a stimulatory tactile cue, as appears to be the case in
Chrysomya varipes, where the number of times a male taps significantly enhances his mating
success (Jones et al. 2017), and also in Physiphora demandata (Ulidiidae) where the male
rapidly taps the head of the female as a tactile component of the courtship display (Alcock and
Pyle 1979). During our study, male Ch. flavifrons were observed to repeatedly tap females, up
to 16 times in some instances, suggesting that tapping also functions as a tactile cue that
enhances mating success.
Following orienting and tapping, males also exhibited the behavior wing extension, which is
unique among calliphorid flies. Similar behaviors have, however, been documented in other
flies, including the “wing scissoring” of the miltogrammine flesh fly Phrosinella auriceps
(Spofford and Kurczewski 1985) which involves a rapid scissoring of the wings, and the “wing
displays” of many drosophilids including Drosophila suzukii (Revadi et al. 2015) and
Drosophila elegans (Yeh and True 2014). In these Drosophila, wing extension is performed in
concert with body movements in front of the female, which serve to display the males sexually
dimorphic wing patterning (Ewing 1983; Yeh et al. 2006). Such wing patterns seem to have
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co-evolved with wing displays in many drosophilid flies and are integral components of the
male courtship display in D. elegans and Drosophila biarmipes (Hegde et al. 2005; Yeh et al.
2014). Similar to many Drosophila, the wings of male Ch. flavifrons are also sexually
dimorphic, with a dark brown tinge extending from the wing margin; this is the only example
of sexually dimorphic wing pigmentation in Australian members of the genus Chrysomya and
may function to enhance the efficacy of the wing extension behavior. In general, wing
extension may serve to attract the attention of the female from her periphery, as the behavior
is performed most frequently behind and to the left side of the female. Similar behavioral
lateralization has also recently been reported in the common green blow fly Lucilia sericata
and may be an important aspect of courtship in many blow flies (Romano et al. 2015; Benelli
and Romano 2019). Lateralized behaviors might allow females to assess the identity of courting
males, as heterospecifics may approach from different angles. As such, wing extension may be
particularly important for female Ch. flavifrons considering the risk of mating with sympatric
male Ch. varipes, which aggressively court both conspecific and Ch. flavifrons females, but
may approach from a different angle, and do not display wing pigmentation or wing extension.
However, whether Ch. varipes and Ch. flavifrons can hybridise is unknown.

Once the female remains stationary, the male can position himself directly anterior to her in
the face-off position. Face-off likely serves to display the males sexually dimorphic facial
characters, as his parafacial and fronto-orbital plates and frontal stripe are bright yellow, in
contrast to a duller yellow/brown and darker brown frontal stripe in females (Fig. 2 a-b). Such
sexually dimorphic colouration is common as a sex-recognition cue in insects and may even
convey information to the receiver regarding the individual’s condition (Schultz and Fincke
2009). Specifically, face to face interactions often serve to enhance the visibility of malespecific ornamentation found on the face, forelegs, or wings (Markow and Hanson 1981; Jones
et al. 2017) which is often a critical component of dipteran courtship (Drosophila: Mazzoni
2013; Revadi 2015; Physiphora: Alcock and Pyle 1979; Cyrtopogon: Lavigne 1970). This is
seen in the miltogrammine flesh fly Ph. auriceps, where males display their “brilliant golden
pollinose fronses” to females, which directly contrast to the “tan bronze fronses” of females
(Spofford and Kurczewski 1985). Likewise, male Ch. varipes possess striking sexual
ornaments in the form of white pruinescence on the face, proepisternum, and proepimeron, as
well as a plumage of white hairs on the forelegs, which they display while “arching” the body
and are critical for attracting females (Jones et al. 2014). The face-off observed in Ch. flavifrons
may therefore constitute a key stage of courtship, similar to “arching” in Ch. varipes whereby
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the male displays his face as a discrete visual cue to the female.

The final behavioral component following face-off was the waggle, whereby the male
vigorously pivots his body from side to side while vibrating his wings. This behavior was also
lateralized, to the front of the female, and may be involved in the production of visual cues that
are crucial for mating success. A similar behavior “body shaking” is seen in D. elegans, in
which the male waggles his body directly in front of the female while displaying his wings,
which is an integral visual component of male courtship (Yeh et al. 2006). However, the waggle
of Ch. flavifrons is much more vigorous than in D. elegans, and also involves rapid vibration
of the wings, which may produce additional vibratory or acoustic cues. For example,
Drosophila suzukii produce species-specific vibratory cues by rapid movements of the body
and abdomen, which are transmitted through the legs onto the substrate during courtship
(Mazzoni et al. 2013; Revadi et al. 2015). Furthermore, in many Drosophila, vibrations of the
wings are often associated with the production of unique acoustic cues received by the female
(Bennet-Clark et al. 1980; Liimatainen et al. 1992). It is likely that similar cues are produced
by the rapid wing vibration of the waggle in Ch. flavifrons, as seems to also be the case during
the wing-vibration of Ch. varipes (Jones et al. 2017). Importantly, a key response by females
was also observed in response to the male waggle – wing quiver, in which the female rapidly
vibrated both of her wings. Similar quivering also occurs in female asilids of the genus
Cyrtopogon, likely as a sign of receptivity to mating (Lavigne 1970). Considering the rapid
vibrations of the female wings of Ch. flavifrons, female-specific acoustic or vibratory cues may
also be generated. Detailed analysis of vibratory and acoustic cues will be essential to
determine whether acoustic and vibratory cues influence mating success in this species, as well
as in other blow flies.

Importantly, and for the first time, we demonstrate behavioral differences between wild and
captive groups of blow flies. In the captive group, males spent significantly more time orienting
and tapping females – both behaviors that constitute the pursuit phase of courtship before the
female is stationary and receptive. Additionally, we observed that the frequency of behavioral
transitions differed from random expectation for the wild group, but not for the captive group.
These differences could be the result of any of the environmental factors that differ between
field and laboratory environments, including spatial structure, population density, light
intensity, age distribution, temperature, and diurnal temperature variations. It is beyond the
scope of the present study to conclude which of these factors exert the greatest effect.
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Nevertheless, what our findings suggest is that changes in these factors can have subtle effects
on blow fly behavior, which may in turn lead to pronounced differences in the frequency and
duration of courtship components. One possible explanation for these differences may relate
to the way females are approached by males. In the wild, females are approached on vegetation,
and will often take spatial refuge during male courtship attempts (either by taking flight or
moving to another part of the substrate). However, when females are confined to a cage or
behavioral arena, they become spatially restricted and have fewer options for refuge. This
allows males to more persistently court females, regardless of female receptivity – which can
artificially increase bouts of orienting and opportunities for tapping. This artificial inflation of
male behaviors may also be why the sequence of transitions was not significantly different
from random in the captive group. Similar effects of a simplified spatial environment have also
been shown to influence the behavior of lab-reared Drosophila (Ewing 1983; Byrne et al.
2008).

Notably, captive males spent significantly less time in the behavior face-off. This behavior
seems to constitute the initial assessment phase of courtship and requires a stationary and
receptive female. While this reduction might be explained by environmental effects on male
behavior, it could also result from effects of female receptivity. This may be due to several key
factors: captive females were constantly exposed to high population densities, and perhaps a
greater number of highly persistent males than is common in nature. In addition to this, the age
distribution of the captive flies was unknown, and it is possible that a higher proportion of
captive females were older than those observed in the wild, and less receptive to male courtship
attempts as a result. Likewise, captive females were confined for three days for acclimatisation,
which may have led to a high proportion of the captive females mating prior to the experimental
filming. These females may have been more likely to rapidly reject males as they had already
mated in the previous days. Lastly, the captive group had a 1:1 sex ratio, which might not
reflect the sex ratio of the wild group. Similar factors to these have been shown to influence
female mating receptivity in laboratory populations of Drosophila (Markow 1988). In light of
these findings, future studies of blow fly mating behavior should carefully consider how
changes in environment, population, and spatial structure can influence the mating behavior of
both sexes in captive populations. Where possible, an attempt should be made to emulate the
natural spatial environment, particularly in species that which court and mate in complex
environments such as among vegetation or in the canopy. Further to this, much will be gained
from analysing female behaviour in captivity, and how this effects male responses.
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Considering blow fly courtship behavior more broadly, Ch. flavifrons and Ch. varipes are the
only two blow fly species where males are known to perform a complex repertoire of courtship
behaviors, which likely involves visual, acoustic, and chemical cues. This contrasts with most
carrion-breeding blow flies, where mating is male-controlled, and occurs swiftly after contact
in the air or on a substrate. Such simple mating behavior is in fact widespread among the entire
calyptrate clade (including Sarcophagidae: Stucky 2016; Tachnidae: Reitz and Adler 1991;
Glossinidae: Wall and Langley 1993; and Muscidae: Colwell and Shorey 1975). To our
knowledge, complex male courtship displays have only been documented in three species
outside of the Calliphoridae (Phrosinella aurifacies (Sarcophagidae): Spofford and
Kurczewski 1985; and Lispe consanguinea and L. tentaculata. (Muscidae): Frantsevich and
Gorb 2006). However, considering the enormous ecological diversity found within the
Calyptratae (Kutty et al. 2010), there are very likely an enormous range of novel behaviors and
sexual adaptations that remain undiscovered. Additionally, as shown by Eichorn et al. (2017),
even where courtship appears superficially simple, there may be a range of cryptic signals at
play. The potential role of cryptic sexual signals in calyptrate flies requires greater scrutiny,
particularly during flight (Van Hateren et al. 1989). Overall, the blow flies, and the broader
Calyptratae, provide an excellent basis for investigating the complexity of reproductive
behaviors in flies.
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Chapter 7. General discussion and conclusions
Insects are the most diverse group of animals on earth, and sexual selection has likely played a
key role in their evolution. Despite this, we still have a limited understanding of how most
insects use sexual signals, and how these signals have contributed to the process of speciation.
I aimed to address these questions using the ecologically diverse blowfly genus Chrysomya.
Traditionally, blowflies have been thought to exhibit relatively simple male-controlled mating,
and the intricacies of their sexual behavior have been overlooked. In this thesis, I highlight that
blowfly mating behavior can in fact be highly complex, and that blowflies exhibit an
exceptional diversity of species- and sex-specific traits. Specifically, I show that: 1) CHCs
likely play a role in signaling sexual maturity, 2) both CHCs and WIPs are sexually dimorphic
traits which have diverged rapidly between Chrysomya species, which is suggestive of a key
role as signals of mate-compatibility, and 3) species such as Chrysomya flavifrons exhibit
complex multi-modal courtship displays. Overall, these findings suggest that both visual and
chemical cues have played key roles in the evolution of blowflies - advancing the sentiment
that sexual communication is a complex, multi-modal process - even in systems where mating
appears superficially simple.

7.1 The role of cuticular hydrocarbons in the mate recognition of Chrysomya varipes
In Chapter 2 I assessed the role of CHCs in the sexual communication of Chrysomya varipes,
showing that CHCs are sexually dimorphic in this species. However, I found no behavioural
evidence for the CHCs of deceased flies initiating an attraction response in either males or
females. This suggested that while sexually dimorphic, CHCs in isolation are not solely
responsible for eliciting sexual behavior. Thus, mate-compatibility recognition is either
initiated predominantly by visual cues (such as movement) or, more likely, by a combination
of chemical and visual cues. This is an interesting finding because it suggests that in Chrysomya
varipes the recognition of mate-compatibility requires the synergy of multiple signals, not just
CHCs. Similar systems of mate recognition have been demonstrated in crayfish and
sticklebacks (Mclennan 2003; Acquistapace et al. 2002). However, the requirement for
multimodal mate recognition does not appear ubiquitous among blowflies, as it is known in
Lucilia cuprina that CHCs of females initiate male attraction (Bartell et al. 1969; Goodrich
1970), even if those females are deceased (pers. observation). This highlights that in L. cuprina,
CHCs are in fact the primary signal required for mate-compatibility recognition. Therefore, the
specific signals of mate compatibility and quality seem to differ substantially between blowfly
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taxa. It will be particularly fruitful for future studies to examine how the use of materecognition cues differs between more closely related species, particularly other species of
Chrysomya. I have only performed behavioural experiments with Ch. varipes, but it may be
the case that CHCs are the primary signals of mate-compatibility in other Chrysomya species.
More broadly, this diversity in patterns of mate-recognition further highlights the usefulness of
blowflies for addressing the evolution of sexual signals.

In Chapter 3, I demonstrated that CHC profiles of adult Ch. varipes are not static over adult
life, and that their expression changes rapidly between eclosion and sexual maturity (~7 days
of age). I hypothesised that this is most likely due to blowflies (particularly Ch. varipes)
exhibiting prolonged pre-reproductive phases as adults, and thus CHCs have been adapted as
signals of sexual maturity. Therefore, while visual cues may be the primary means by which
Ch. varipes recognise compatible mates, CHCs probably ‘switch-on’ attraction at the onset of
sexual maturation, in turn signaling that an individual is reproductively viable. Overall, it seems
likely that CHCs are a key signal of mate compatibility in Ch. varipes, but only when
synergistically expressed with other sexual signals such as motion. Importantly, female
movement may play a particularly important role in eliciting male behavior, as females exhibit
a variety of wing-cleaning and posturing behaviours during male courtship (pers. obs.). It will
be important for future studies on blowflies to assess the role of female behaviour in courtship
and mating.

7.2 The evolutionary diversification of complex sexual traits in Chrysomya
Chapters 4 and 5 explored the diversification of CHCs and WIPs across multiple species of
Australian Chrysomya. For the first time, I have shown that these traits are species- and sexspecific in several blowfly species – which suggests that both CHCs and WIPs may play a role
in the recognition of mate-compatibility. In Chapter 4, I also highlight that Ch. varipes, Ch.
flavifrons, and Ch. nigripes express multiple qualitatively unique CHC profiles. I confirmed in
Chapter 3 that these different ‘CHC profile types’ corresponded to age-related differences in
Ch. varipes, which is closely related to Ch. nigripes and especially Ch. flavifrons. As such, it
is likely that the distinct CHC profile types in these latter species also correspond to age, and
have possibly been adapted as signals of sexual maturity. However, this raises the question as
to why age-related changes are so pronounced in these three species of Chrysomya but less so
in the others. Other Chrysomya species show age-specific changes (Pechal et al. 2014; Braga
et al. 2016) but these are seemingly less apparent than the stark changes observed in Ch.
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varipes, Ch. flavifrons and Ch. nigripes.

Such age-related changes could well be the result of sexual selection, if we assume that all three
of the species showing these changes also exhibit high levels of female mate-choice (which we
know at least to be so in Ch. varipes and Ch. flavifrons). Following from this assumption, it is
plausible that the extent and direction of selection is age-dependent, differing between
immature and sexually mature CHC profiles. This is because sexual selection can only act on
the CHCs of sexually mature adults – as these are the individuals that are engaging in
encounters with reproductive consequences. The CHCs of pre-reproductive individuals should
experience less selective pressure due to sexual processes (perhaps even none), as immature
individuals are not engaging in reproductive encounters. Thus, in species that exhibit strong
mate choice on CHC profiles (Ch. varipes, Ch. flavifrons, and presumably Ch. nigripes), we
would expect profiles of sexually mature adults to experience strong, divergent selection, and
thus differ substantially from the pre-reproductive profile. Conversely, in species which do not
experience strong sexual selection on CHCs, there should be fewer differences between prereproductive and sexually mature adult profiles (as seen in the other six Chrysomya species).
Similar patterns of age-dependent sexual selection on phenotypic traits have been demonstrated
in other taxa (Freeman-Gallant et al. 2010).

However, this assumes that CHCs are involved in mate-quality recognition in blowflies, for
which there is evidence in many other insect taxa, particularly flies (Sharma et al. 2011) and
crickets (Steiger et al. 2013; Steiger et al. 2015). If CHCs reflect mate-quality in blowflies, we
would predict that, according to condition-dependent selection, they should show a high degree
of intra-sexual variability (Delhey and Peters 2008). We found exactly this across all species,
with CHCs varying substantially within sexes. Furthermore, CHC diversification between
species seems to have occurred saltationally, whereby CHCs change rapidly following
speciation events. This pattern of diversification is indicative of strong sexual selection
(Schwander et al. 2013) and would be expected for traits that signal mate-quality. The role of
blowfly CHCs in mate-quality recognition can be elucidated by testing whether there are
correlations between male and female mating success and components of the CHC profiles (i.e.
the presence or quantity of certain CHCs). Ideally this would be followed with manipulative
sexual selection experiments, whereby laboratory cultures are propagated under conditions of
relaxed and elevated sexual selection (Sharma et al. 2011). I suggest that Chrysomya rufifacies
would be a particularly useful candidate for such experiments, as it is a species which can be
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easily cultured under laboratory conditions, and exhibits clear sexual dimorphisms in CHC
profiles.

In Chapter 5, I demonstrated that WIPs are species-specific, and differ substantially between
closely related species (particularly Ch. flavifrons and Ch. varipes), as well as between the
sexes in many species. Overall, the species- and sex-specificity of these cues suggests that, like
CHCs, they may play a role in the recognition of mate-compatibility, as they appear to do in
dragonflies (Brydegaard et al. 2018). However, it is unclear whether they act as signals of matequality. Previous research suggests that they act as signals of mate-quality in Drosophila
(Katayama et al. 2014; Hawkes et al. 2019), so it is plausible that they also do so in blowflies.
As with CHCs, a major line of evidence that might point towards this is the extent of
intraspecific variation, which is suggestive of a role in condition dependent signaling of matequality (Delhey and Peters 2008). Indeed, I have shown that WIPs are highly varied within
sexes and between species, and that the WIPs of left and right wings are slightly asymmetrical
(although not statistically different) in several species (see Supplementary Table 1 of Chapter
5). This latter result is interesting, as symmetry is predicted to play an important role in
condition dependent signaling in numerous animal taxa (Møller et al. 1993; Uetz et al. 1999;
Koshio et al. 2007; Mclachlan 2010). The reason for this is that is that symmetry of an
individual indirectly reflects their ability to buffer against genetic or environmental stress
during development, and thus may be an index of developmental stability (Koshio et al. 2007).
Therefore, it is possible that the extent to which an individual’s WIPs are symmetrical may
function as an indication of mate-quality in some blowfly species. The fact that WIP
asymmetries appear to be widespread in Chrysomya may support this notion but would need
to be verified with mate choice trials.

While CHCs and WIPs were species-specific overall, they were only sex-specific in some
species, which suggests that the extent and direction of selection driving sexually dimorphic
trait expression differ substantially between species. Although ecological selection almost
certainly plays some part in the sexual dimorphisms I have described, it is likely minor, as has
been discussed in detail in previous chapters (see sections 4.5 and 5.5). In the sole context of
sexual selection, sexual dimorphisms presumably evolve under two circumstances: 1) when
there are high-costs associated with mating mistakes, and individuals benefit from accurately
identifying the opposite sex (i.e. signals of mate compatibility) or 2) when the trait preference
of one sex drives rapid changes in the trait of the other sex (i.e. sexual selection on signals of
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mate-quality) (Lande 1979; Hedrick and Temeles 1989). This leads to a few suppositions. In
the case of blowflies that do not exhibit sexual dimorphisms in these traits, it suggests that they
have not experienced substantial sexual selection, and that they are not likely to be particularly
important in mate-compatibility recognition. For example, since Ch. semimetallica did not
show clear sexual dimorphisms in CHCs, but did for WIPs, we can suggest that visual cues
(specifically WIPs) may be more important in the recognition of mate-compatibility in this
species. In the case of blowflies that show sexual dimorphisms but do not exhibit strong mate
choice, CHCs and WIPs are likely to fulfil a role in mate-compatibility recognition but are
unlikely to experience selection for mate-quality recognition. This appears to be the case in Ch.
rufifacies which shows sexual dimorphisms in both WIPs and CHCs, but no evidence of strong
mate choice – although behavioural experiments would be required to conclude this. Lastly, in
the case of blowflies that show sexual dimorphisms and are known to exhibit strong mate
choice, it is plausible that CHCs and WIPs fulfil a role in mate-compatibility recognition, as
well as being sexually selected for as signals of mate-quality recognition. This seems to be the
case in Ch. varipes and Ch. flavifrons where male courtship has evolved, and females exhibit
a high degree of mate choice that has likely driven the diversification between the two species
in CHCs and WIPs, as well as between both these species and their other close relatives.

7.3 Blowfly mating behavior and the influence of the laboratory environment
Chapter 6 described the complex mating behavior of Chrysomya flavifrons, which is now the
second blowfly species known to exhibit complex courtship (alongside its sister species Ch.
varipes). First, I have highlighted that this species likely uses a suite of multimodal cues,
including WIPs and CHCs, during the male courtship display. As mentioned previously, female
Ch. flavifrons exhibit strong mate choice, which may have driven the elaboration of sexual
signals in this species (likewise in the sister species Ch. varipes). Importantly, the evolution of
complex courtship in Ch. flavifrons and Ch. varipes is unique among blowflies and suggests
that the mating systems of both species are driven by strong female mate choice. Both species
will therefore make an ideal model for investigating the evolution of female mate choice, as
well for assessing how mate choice drives divergence in sexual traits. It is also worth noting
that there is another closely related congener in the same clade, Chrysomya norrisi which is
only found in New Guinea (James 1971). The biology of this species is unknown, but
considering its close relatedness to these two highly unique species, investigation of the
behavioural and sexual signaling of this species will provide key insights into the evolutionary
process that led to complex courtship in Ch. varipes and Ch. flavifrons. Furthermore, Ch.
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norrisi may prove to exhibit some form of courtship itself.

We still have a poor understanding of the role mate-choice plays in most blowfly species. I
have stated that most Chrysomya exhibit limited mate choice – but this may not be entirely
true. For example, it may be that males, rather than females, exhibit mate-choice. In many
Chrysomya it seems that males chase females mid-flight and, once a male makes contact,
mating occurs shortly afterwards. Thus, males may select which females they approach based
on certain cryptic cues such as wing flashes (Eichorn et al. 2017) or cuticular hydrocarbons
that are sensed upon contact – both of which may correlate with female fitness. Conversely,
females may indirectly exhibit mate choice, as perhaps the flight-chase behavior allows females
to assess aspects of male flight performance and his overall fitness, i.e. only the fittest males
can catch her mid-flight. There is also evidence that many blowflies exhibit territorial defense,
whereby they perch and wait for flies to approach, striking at any fliers-by (Guillot et al. 1978),
so perhaps female fitness is improved indirectly through male-male competition for perching
sites, as only the best males can secure the optimal perches to capture females mid-flight. It is
also plausible that female mate assessment in many blowflies occurs through cryptic sperm
choice, as is the case in many other insect taxa (Albo et al. 2013), this has not been investigated
in detail in any blowflies but may certainly be the case in species where female choice is not
apparent. Females may also be capable of assessing males when they contact her, and it may
be possible for females to reject males entirely. For example, in the sheep blowfly Lucilia
cuprina females subtly reject males after they make contact, firstly by fending males away by
raising the midleg, and secondly by extending their ovipositor anteriorly while a male is
mounting to prevent mating (Bartell et al. 1969). Such behaviours have not been documented
in any Chrysomya species but may occur.

Lastly, I demonstrated that behavior of Ch. flavifrons under field conditions differs
substantially to their behavior under laboratory conditions – suggesting that differences in a
range of variables constrain the behavior of males and females. These variables included spatial
structure, population density, light intensity, humidity, sex ratio, and a range of other factors.
This likely holds true for other Chrysomya species, particularly considering the importance of
in-flight behavior during mating. Likewise, although I did not explicitly test for this, differences
in temperature and humidity will place constraints on CHC expression (Dapporto et al. 2013),
and lighting will likely effect the perception of visual signals such as WIPs (Gamble et al.
2003). As such, environmental conditions experienced by the flies in laboratory settings may
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drastically change the direction and strength of selection on CHCs and WIPs. Considering this,
although blowflies will make valuable laboratory models, it will be important to assess how to
best replicate their natural environment.

7.4 Future directions and concluding remarks
I have shown that the CHCs of Australian Chrysomya exhibit species-, sex-, and age-specific
expression, and have diversified rapidly and in a saltational mode throughout the genus.
Similarly, I have highlighted the diversity of blowfly WIPs, which show substantial speciesand sex-specific variation. The species- and sex-specificity of CHCs and WIPs, and the fact
that they diverge rapidly between close relatives, suggests that they have played key roles as
signals of mate-compatibility in blowflies. Lastly, I described in detail the mating behavior of
Chrysomya flavifrons, whereby males perform a complex courtship display that involves a suite
of multimodal signals. Taken together, these findings advance the notion that multimodal
signaling is widespread among insects and highlight the key role of sexual selection in creating
the exceptional phenotypic diversity displayed by blowflies.

Importantly, this thesis has only considered two types of sexual traits (WIPs and CHCs) in a
single blowfly genus. While these are some of the most commonly adapted sexual traits in
insects and have likely played a remarkable role in insect diversification, perhaps blowflies use
an even broader range of adaptations for recognizing mate compatibility and mate quality – for
example, the wing flashes highlighted by Eichorn et al. (2017). This may even extend to
acoustic cues, and while there is currently no evidence for the use of sound in blowflies,
consider the loud buzzing of blowflies as they fly. Do all species produce the same sound
frequencies? Do wing-beats occur at the same rates between species? What about between the
sexes? Are blowfly mechanoreceptors sensitive enough to perceive these cues? Highly
sensitive hearing characterises several calyptrate flies (Stucky 2016) and acoustic
communication is widespread in Drosophila (Albert and Göpfert 2015). Perhaps acoustic cues
are just another of the many hidden languages employed by blowflies.

Over the last four years, I have spent hundreds of hours standing over decaying carrion,
simultaneously disgusted and inspired by the sexual exploits of these tiny animals. I hope that
I have conveyed the astonishing diversity that this neglected group of flies exhibit, and that
this thesis has given the reader a new appreciation for their intriguing sex lives. The next time
you pass some buzzing roadkill or take aim at a blowfly with your fly swat, give these
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fascinating creatures your respect – as masters of sexual communication, their sophistication
in the mating game leaves us for dead!
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Appendices
Appendix I: Supplementary material associated with Chapter 2

Supplementary material 1 Experimental arena used for behavioural assays of Ch. varipes.
Both a) the unwashed decoy fly and b) the washed decoy fly were of opposite sex to c) the
live focal fly. The dashed lines represent the designated preference zones (containing either a
washed or unwashed decoy). The dotted circles represent the 5 mm exclusion zone that the
focal fly needed to enter for an ‘interaction’ to be scored. Figure is not to scale.
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Supplementary material 2 Correlations (factor loadings) between relative concentrations of
cuticular hydrocarbon peaks and the two principal components that differed significantly between
the sexes (PC1 and PC2). Factor loadings in bold are ≥ 70% of the respective eigenvector, and
thereby represent peaks that contributed significantly to the principal component.
Peak
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Kovats

Compound

PC1

PC2

2223
2399
2432
2438
2465
2503
2537
2548
2561
2571
2580
2584
2600
2632
2643
2665
2673
2684
2695
2704
2737
2742
2750
2760
2772
2778
2787
2800
2830
2835
2864
2873
2883
2892
2901
2929
2948
2955
2961
2972
2999
3028

Unknown
n-C24
x-MeC24
11-;10-;9-MeC24
C25:1
n-C25
13-;11-MeC25
5-MeC25
11,15-DiMeC25
3-MeC25
Unknown
Unknown
n-C26
13-MeC26
5MeC26
2-MeC26
C27:1
Unknown
n-C27
x, y-DiMeC26
13-MeC27
Unknown
7-MeC27
9,15-DiMeC27
3-MeC27
x,y-DiMeC27
C28:1
n-C28
13-MeC28
14-MeC28
2-MeC28
C29:1
3-MeC28
Unknown
n-C29
15-,13-MeC29
7-MeC29
13,17-DiMeC29
2-MeC29
3-MeC29
n-C30
14-MeC30

-0.063
-0.214
-0.010
-0.191
-0.130
-0.215
-0.161
-0.139
-0.095
-0.125
-0.144
-0.175
-0.184
-0.158
-0.050
0.003
-0.101
-0.175
0.049
-0.084
-0.015
-0.021
0.056
0.051
0.058
-0.033
-0.032
-0.110
-0.037
0.052
-0.042
-0.114
-0.082
0.049
-0.234
-0.115
-0.126
-0.010
-0.054
-0.125
-0.200
-0.193

0.196
-0.093
0.230
-0.160
-0.214
-0.055
-0.178
-0.189
-0.198
-0.007
-0.182
-0.120
0.124
-0.014
-0.116
-0.086
-0.139
0.011
-0.147
0.224
0.193
-0.008
0.199
0.122
0.177
0.223
0.209
0.234
0.252
0.121
0.113
-0.010
0.225
0.040
0.014
0.213
0.053
0.146
0.078
0.024
0.098
0.061
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43
44
45
46
47
48
49
50
51
52

3062
3075
3083
3088
3099
3129
3138
3159
3329
3357

2-MeC30
Unknown
C31:1
6,16-DiMeC30
n-C31
15-,13-MeC31
9-;11-;13-;15-MeC31
15,19-DiMeC31
17-,15-MeC33
13,21-DiMeC33

-0.182
-0.221
-0.160
-0.145
-0.222
-0.223
-0.140
-0.207
-0.217
-0.220

0.098
0.039
0.140
0.015
-0.010
0.050
0.010
-0.068
0.031
0.008

Appendix II: Supplementary material associated with Chapter 3
Supplementary material 1. The relative abundances of cuticular hydrocarbons identified
from hexane extractions of male and female Chrysomya varipes, at 1, 2, 3, 5, 7, and 11
days after eclosion. See below.
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43

2905.596

C29

9.1 ± 1.6

7 ± 1.9

6.2 ± 0.95

4.5 ± 0.74

3.4 ± 0.96

2.6 ± 2.6

8.8 ± 1.3

4.4 ± 0.69

2.9 ± 1.1

2.2 ± 0.32

2.2 ± 0.4

1.3 ± 1.2

44

2921.865

2,XDiMeC28

1.1 ± 0.29

0.69 ± 0.12

0.47 ± 0.097

0.17 ± 0.05

0.021 ± 0.046

ND

0.99 ± 0.41

0.42 ± 0.081

0.17 ± 0.062

0.061 ± 0.0055

0.013 ± 0.028

ND

45

2934.174

11,13MeC29

ND

ND

ND

2.3 ± 3.1

1.8 ± 0.39

1.2 ± 0.44

ND

ND

2.2 ± 3.4

1.9 ± 0.26

1.5 ± 0.21

1.2 ± 0.36

46

2937.305

9MeC29

16 ± 1.8

13 ± 2.1

13 ± 1.1

3.9 ± 3.8

0.23 ± 0.21

0.32 ± 0.26

15 ± 1.8

14 ± 2.7

3.2 ± 3

0.061 ± 0.14

0.4 ± 0.1

0.4 ± 0.17

47

2942.603

7MeC29

1.7 ± 0.19

1.4 ± 0.35

1.5 ± 0.32

0.66 ± 0.16

0.22 ± 0.13

0.11 ± 0.12

1.7 ± 0.09

1.4 ± 0.2

0.67 ± 0.21

0.21 ± 0.058

0.17 ± 0.048

0.12 ± 0.072

48

2949.175

5MeC29

0.83 ± 0.23

0.85 ± 0.17

0.71 ± 0.098

0.28 ± 0.055

0.13 ± 0.076

0.086 ± 0.055

0.98 ± 0.17

0.39 ± 0.098

0.21 ± 0.021

0.15 ± 0.018

0.2 ± 0.042

0.1 ± 0.073

49

2970.62

3MeC29

1.5 ± 0.34

1.1 ± 0.28

0.93 ± 0.23

0.18 ± 0.11

0.08 ± 0.079

0.11 ± 0.12

1.6 ± 0.26

0.81 ± 0.14

0.29 ± 0.093

0.12 ± 0.074

0.14 ± 0.051

0.11 ± 0.076

50

2982.165

5,XDiMeC29

2.3 ± 0.55

2.3 ± 0.28

1.6 ± 0.19

0.027 ± 0.038

ND

ND

0.98 ± 1.2

0.61 ± 0.47

0.022 ± 0.03

0.011 ± 0.017

0.0061 ± 0.014

ND

51

3003.691

C30

0.72 ± 0.15

0.81 ± 0.12

0.63 ± 0.088

0.34 ± 0.082

0.19 ± 0.11

0.22 ± 0.081

0.8 ± 0.17

0.45 ± 0.081

0.21 ± 0.049

0.18 ± 0.026

0.27 ± 0.044

0.25 ± 0.1

52

3037.506

14MeC30

3.6 ± 0.44

4.2 ± 0.48

3.5 ± 0.32

1.2 ± 0.32

0.27 ± 0.15

0.15 ± 0.08

3.5 ± 0.1

2.9 ± 0.81

0.95 ± 0.33

0.27 ± 0.036

0.23 ± 0.039

0.1 ± 0.047

53

3040.906

8MeC30

0.44 ± 0.11

0.52 ± 0.31

0.45 ± 0.25

0.16 ± 0.032

0.022 ± 0.031

ND

0.5 ± 0.083

0.42 ± 0.12

0.15 ± 0.05

0.054 ± 0.0061

0.038 ± 0.035

ND

54

3045.02

6MeC30

0.22 ± 0.081

0.28 ± 0.26

0.25 ± 0.29

0.036 ± 0.033

0.01 ± 0.014

0.0061 ± 0.014

0.24 ± 0.045

0.053 ± 0.033

0.029 ± 0.016

0.029 ± 0.019

0.033 ± 0.032

0.0046 ± 0.01

55

3060.585

4MeC31

0.59 ± 0.069

0.56 ± 0.17

0.3 ± 0.066

0.054 ± 0.075

ND

1.1 ± 0.16

0.58 ± 0.22

0.27 ± 0.14

0.087 ± 0.043

0.47 ± 0.65

0.4 ± 0.55

1.3 ± 0.23

56

3067.184

2MeC31

3.4 ± 0.73

5.1 ± 0.64

5.7 ± 1.2

3.2 ± 0.99

1.4 ± 0.48

ND

3.8 ± 0.71

3.7 ± 0.8

2 ± 0.47

0.9 ± 0.83

0.86 ± 0.8

ND

57

3077.813

C31:1

0.27 ± 0.39

0.47 ± 0.079

1.4 ± 1.2

0.39 ± 0.18

0.16 ± 0.09

0.36 ± 0.2

0.11 ± 0.25

0.23 ± 0.1

0.12 ± 0.1

0.066 ± 0.038

0.27 ± 0.2

0.075 ± 0.057

58

3085.078

C31:1

0.02 ± 0.044

1.8 ± 1

0.54 ± 0.4

0.26 ± 0.044

0.27 ± 0.17

0.49 ± 0.19

0.03 ± 0.067

0.16 ± 0.1

0.12 ± 0.047

0.27 ± 0.081

0.28 ± 0.18

0.46 ± 0.18

59

3093.524

2,14DiMeC30

4.8 ± 2

3.4 ± 1.6

3.8 ± 1.5

1.2 ± 0.5

0.27 ± 0.2

ND

4.3 ± 0.32

2.2 ± 0.41

0.78 ± 0.28

0.25 ± 0.063

0.13 ± 0.14

ND

60

3101.267

C31

1.6 ± 0.43

2.7 ± 2.3

1.7 ± 0.36

0.8 ± 0.24

0.52 ± 0.3

0.57 ± 0.19

1.7 ± 0.47

0.94 ± 0.18

0.54 ± 0.16

0.36 ± 0.092

0.35 ± 0.061

0.29 ± 0.11

61

3137.101

11,13MeC31

12 ± 0.94

10 ± 2.7

9.1 ± 1.8

3.4 ± 0.97

0.9 ± 0.53

0.87 ± 0.17

11 ± 0.35

6.4 ± 2

2.3 ± 0.89

0.87 ± 0.084

0.79 ± 0.16

0.53 ± 0.12

62

3143.761

7MeC31

1.4 ± 0.37

1 ± 0.19

0.87 ± 0.13

0.4 ± 0.047

0.16 ± 0.1

0.23 ± 0.068

1.7 ± 0.21

0.64 ± 0.13

0.31 ± 0.074

0.22 ± 0.03

0.26 ± 0.043

0.25 ± 0.041

63

3162.266

11,XDiMeC31

1.6 ± 0.16

1.6 ± 0.41

1.1 ± 0.16

0.33 ± 0.12

0.13 ± 0.28

0.61 ± 0.26

1 ± 0.71

0.7 ± 0.24

0.26 ± 0.11

0.08 ± 0.095

0.24 ± 0.22

0.19 ± 0.025

64

3164.241

X,XDiMeC31

ND

ND

1.3 ± 0.76

0.71 ± 0.22

0.34 ± 0.32

ND

1 ± 2.3

1.4 ± 0.24

0.61 ± 0.13

0.33 ± 0.15

0.19 ± 0.26

ND

65

3167.345

7,XDiMeC31

3.8 ± 2.1

2.2 ± 0.51

0.24 ± 0.54

0.18 ± 0.17

ND

ND

5.1 ± 3.2

0.42 ± 0.39

0.25 ± 0.049

0.031 ± 0.042

ND

ND

66

3181.315

5,XDiMeC31

0.21 ± 0.16

0.34 ± 0.085

0.27 ± 0.18

ND

ND

ND

0.21 ± 0.2

ND

ND

ND

ND

ND

67

3232.741

X,XDiMeC31

0.37 ± 0.35

0.54 ± 0.079

0.59 ± 0.18

0.21 ± 0.075

0.042 ± 0.041

ND

0.67 ± 0.09

0.32 ± 0.079

0.16 ± 0.049

0.066 ± 0.01

0.049 ± 0.048

ND

68

3260.111

XMeC32

0.3 ± 0.29

0.39 ± 0.1

0.29 ± 0.19

0.056 ± 0.055

ND

ND

0.36 ± 0.25

0.22 ± 0.075

0.086 ± 0.026

ND

ND

ND

69

3299.39

C33

0.061 ± 0.093

0.17 ± 0.05

0.029 ± 0.065

0.024 ± 0.054

ND

ND

0.08 ± 0.055

0.057 ± 0.01

ND

0.0081 ± 0.018

ND

ND

70

3319.184

Unknown

0.41 ± 0.13

0.32 ± 0.16

0.26 ± 0.14

0.034 ± 0.024

ND

ND

0.38 ± 0.096

0.11 ± 0.043

0.049 ± 0.014

0.0023 ± 0.005

ND

ND

71

3332.945

MeC33

2 ± 0.15

1.6 ± 0.29

1.8 ± 0.68

0.73 ± 0.28

0.25 ± 0.15

0.12 ± 0.076

2 ± 0.23

0.99 ± 0.18

0.47 ± 0.16

0.2 ± 0.038

0.17 ± 0.035

0.051 ± 0.02

72

3359.202

X,XDiMeC33

1.1 ± 0.76

1.3 ± 0.59

1.3 ± 0.83

0.093 ± 0.21

ND

0.45 ± 0.25

1.4 ± 0.74

0.64 ± 0.16

0.18 ± 0.16

0.059 ± 0.13

0.3 ± 0.18

0.12 ± 0.015

73

3361.779

Unknown

4.1 ± 0.7

1.5 ± 0.42

1.1 ± 0.74

1.1 ± 0.3

0.48 ± 0.28

ND

3.7 ± 0.52

1.2 ± 0.19

0.71 ± 0.2

0.36 ± 0.23

0.059 ± 0.13

ND

74

3433.175

Unknown

0.12 ± 0.089

0.27 ± 0.12

0.24 ± 0.081

0.077 ± 0.044

0.012 ± 0.011

ND

0.26 ± 0.067

0.13 ± 0.02

0.063 ± 0.03

0.03 ± 0.03

0.0063 ± 0.0058

ND

75

3534.064

MeC35

0.24 ± 0.034

0.29 ± 0.069

0.33 ± 0.16

0.11 ± 0.044

0.043 ± 0.026

ND

0.25 ± 0.023

0.16 ± 0.021

0.088 ± 0.031

0.024 ± 0.015

0.0093 ± 0.0086

ND

76

3555.058

13,XDiMeC35

0.77 ± 1.1

0.23 ± 0.52

0.47 ± 0.66

0.24 ± 0.34

ND

0.013 ± 0.03

0.15 ± 0.34

0.67 ± 0.43

0.25 ± 0.26

ND

ND

ND

77

3557.993

11,XDiMeC35

0.97 ± 0.96

0.61 ± 0.76

0.78 ± 0.94

0.2 ± 0.28

0.061 ± 0.084

ND

0.43 ± 0.61

0.17 ± 0.23

0.17 ± 0.19

0.065 ± 0.088

0.043 ± 0.061

ND

78

3560.112

7,XDiMeC35

0.42 ± 0.55

0.54 ± 0.41

0.28 ± 0.27

0.1 ± 0.23

0.091 ± 0.13

ND

1.4 ± 0.59

0.18 ± 0.31

0.071 ± 0.16

0.11 ± 0.11

0.075 ± 0.072

ND

79

3654.011

Unknown

0.25 ± 0.13

0.26 ± 0.16

0.25 ± 0.12

0.04 ± 0.055

ND

ND

0.18 ± 0.11

0.13 ± 0.074

0.068 ± 0.017

ND

ND

ND

80

3756.318

Unknown

0.46 ± 0.026

0.46 ± 0.077

0.39 ± 0.11

0.055 ± 0.076

ND

ND

0.39 ± 0.05

0.22 ± 0.051

0.12 ± 0.031

ND

ND

ND
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Supplementary material 1. List of taxa included in phylogenetic analysis. Accession numbers and relevant citations are given for sequences taken
from GenBank, species names are given alphabetically.
No
.
1

Species

Relevant Citations

COI

COII

ND4

CAD

Calliphora augur

Wallman et al. 2005

AY842580

AY842635

AY842684

–

2

Calliphora dubia

Wallman et al. 2005

AY842585

AY842639

AY842691

–

3

Calliphora stygia

Wallman et al. 2005

AY842601

AY842653

AY842707

–

4
5

Chrysomya albiceps
Chrysomya bezziana

Singh & Wells 2011, Nelson et al. 2012
Wells & Sperling 2001, Singh & Wells 2011, Nelson et al. 2012

FJ169339
FJ169351

Chrysomya cabrerai
Chrysomya chloropyga
Chrysomya chani
Chrysomya defixia

Singh & Wells 2011
Harvey et al. 2008
Singh & Wells 2011
Singh & Wells 2011

JX913736
AF295548,
JX913737
–
–
–
–

JX913736
JX913737

6
7
8
9

JX913736
AF295548,
JX913737
FJ195378
EU418538
FJ195377
FJ195375

–
–
–
–

FJ169349
–
FJ169348
FJ169358

10
11
12

Chrysomya flavifrons
Chrysomya greenbergi
Chrysomya incisuralis

Wallman et al. 2005
Singh & Wells 2011
Wallman et al. 2005, Singh & Wells 2011

AY842664
–
AY842666

AY842720
–
AY842722

–
FJ169354
FJ169337

13
14

Chrysomya inclinata
Chrysomya latifrons

Harvey et al. 2008
Wallman et al. 2005, Singh & Wells 2011

–
AY842667

–
AY842723

–
FJ169338

15
16

Singh & Wells 2011
Wells & Sperling 2001, Singh & Wells 2011

–
AF295551

–
AY842724

FJ169347
FJ169350

17

Chrysomya marginalis
Chrysomya
megacephala
Chrysomya nigripes

–

AY842725

FJ169346

18
19
20
21
22

Chrysomya norrisi
Chrysomya phanois
Chrysomya pacifica
Chrysomya pinguis
Chrysomya putoria

AF295552
KX500359
–
KM244730
AF295554

–
KX500359
–
KM244730
AF352790

FJ169344
–
FJ169355
FJ169357
FJ169353

23
24
25

AY842672
AY842673
AF295562

AY842728
AY842729
AY842731

FJ169341
–
FJ169345

26
27

Chrysomya rufifacies
Chrysomya saffranea
Chrysomya
semimetallica
Chrysomya thanomthini
Chrysomya varipes

–
AF295556

–
AY842735

FJ169356
FJ169343

28
29
30
31

Chrysomya villeneuvi
Chrysomya yayukae
Lucillia cuprina
Lucillia sericata

Wells & Sperling 2001, Singh & Wells 2011
Chen et al. 2016
Singh & Wells 2011
Singh & Wells 2011, Yan et al. 2016
Wells & Sperling 2001, Juniqueira et al. 2004, Singh & Wells
2011
Wallman et al. 2005, Singh & Wells 2011
Wallman et al. 2005
Wallman et al. 2005, Wells & Sperling 2001, Singh & Wells
2011
Singh & Wells 2011
Wallman et al. 2005, Wells & Sperling 2001, Singh & Wells
2011
Singh & Wells 2011
Singh & Wells 2011
Wallman et al. 2005
Wallman et al. 2005, Singh & Wells 2011

AY842615
FJ195385
AY842617,
FJ195373
AB112857
AY842618,
FJ195374
FJ195380
AY842619,
AF295551
AY842620,
FJ195379
AF295552
KX500359
FJ195383
FJ195381
FJ195384,
AF295554
AY842624
AY842673
AY842627,
AF295562
FJ195386
AY842631,
AF295556
FJ195382
FJ195376
AY842608
AY842612

–
–
AY842656
AY842661

–
–
AY842713
–

FJ169342
FJ169340
–
FJ169332

Singh & Wells 2011

Supplementary material 2. Partitioning scheme and subsequent evolutionary models used for phylogenetic analyses. Best partitioning scheme and
model determined via PartitionFinder2 analysis.
Partition number
Components
Best Model
Number of sites
1

COX1 Codon 1, COX2 Codon 2

GTR+I+G

724

2

COX1 Codon 2

GTR+I

513

3

COX1 Codon 3, COX2 Codon 1

GTR+G

724

4

COX2 Codon 3

HKY

210

5

ND4 Codon 1

HKY+I

446

6

ND4 Codon 2

GTR+G

446

7

ND4 Codon 3

GTR+I

446

8

CAD Codon 1

F81+I+G

289

9

CAD Codon 2

GTR+I+G

288

10

CAD Codon 3

GTR+I

288
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0.061
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

2577.99
5
2599.25
5
2631.40
5
2662.71
3
2673.09
9
2681.05
5
2693.48
5
2700.59
3
2713.43
6
2716.03
6
2720.76
2
2732.40
9
2740
2748.93
2
2770.68
3
2771.83
8
2777.73
9
2782.63
2
2786.84
7
2800.11
8
2830.35
5
2864.17
3
2875
2891.33
5
2901.06
1
2930.21
4
2935.79
6
2938.82
2948.65
9
2973.29
4
3000.31
7
3063.42
6
3076.96
4
3081.58
5
3090.59
9
3099.15
7
3100.55
2
3129.33
1
3139.14
6
3162.56
5
3170.5
3228.57
3
3262.27
9
3278.33

C26:1
C26
10,12M
eC26
2MeC27
C27:1
C27:1
C27:1
C27

0.005
7±
0.016
0.18 ±
0.098
0.12 ±
0.14
3.3 ±
1.2
2.1 ±
1.2
1.7 ±
0.67
0.59 ±
0.33
5±
1.5

0.027 ±
0.044

ND

0.35 ±
0.17
0.36 ±
0.44

0.17 ±
0.064
0.078 ±
0.057

3.4 ± 3.8

1.9 ± 0.51

4.4 ± 4.4
2.5 ± 1.7
0.84 ± 0.7

0.21 ±
0.12
0.21 ±
0.17
0.065 ±
0.048

0.032 ±
0.056

0.22 ± 0.13

0.36 ± 0.11

1.7 ± 0.61

0.36 ± 0.54

1.5 ± 2.5

0.2 ± 0.34

5.1 ± 3.6

0.4 ± 0.48

0.43 ± 0.31

2.4 ± 3

13 ± 2.2

0.66 ± 0.93

0.0078 ±
0.018

0.01 ±
0.024

0.25 ± 0.13

ND

2.2 ± 0.65

0.14 ± 0.042

1.8 ± 2.6

0.019 ±
0.031

0.13 ±
0.075
0.074 ±
0.089

6.5 ± 1.8

0.25 ± 0.16

0.32 ± 0.2

0.45 ± 0.44

0.033 ±
0.033

1.3 ± 1.5

7.2 ± 3.7

0.056 ± 0.06

2.1 ± 0.39

0.16 ±
0.18

1.6 ± 0.65

0.019 ±
0.017

0.075 ±
0.068
0.26 ±
0.48
0.048 ±
0.074

0.099 ±
0.1
0.11 ±
0.11
0.45 ±
0.48
0.16 ±
0.086

1.4 ± 0.3

1.8 ± 0.82

0.21 ± 0.078

1.2 ± 0.21

0.051 ±
0.057

0.14 ± 0.13

1.3 ± 1.2

2 ± 1.6

1.9 ± 2.4

1.4 ± 1

1.1 ± 1.1

1.6 ± 1.6

2.5 ± 2.6

3.9 ± 2

0.046 ±
0.092

0.43 ± 0.63

1.9 ± 0.85

0.3 ± 0.46

0.54 ± 0.6

4.4 ± 2.4

6.9 ± 4.1

6.5 ± 4.6

2.7 ± 1.9

3.9 ± 3.6

5.4 ± 4.7

9.1 ± 3.2

9.7 ± 4.6

3 ± 0.98

3.6 ± 2.4

10 ± 1.8

0.22 ± 0.26

0.27 ± 0.38

2.3 ± 1.3

2.7 ± 0.9

0.16 ±
0.096

0.29 ± 0.14

0.07 ± 0.092

0.62 ± 0.45

0.9 ± 3

0.37 ± 0.23

0.35 ± 0.1

1.1 ± 0.45

0.56 ± 0.68

22 ± 3.2

0.16 ± 0.2

0.12 ± 0.17

0.17 ±
0.074

0.4 ± 0.75

1.1 ± 0.59

3.8 ± 1.4

1.5 ± 1.3

12 ± 5.8

2.4 ± 2.6

3.3 ± 2

0.39 ± 0.16

1.6 ± 0.44

14 ± 5.2

0.59 ± 0.19

0.015 ±
0.012

0.16 ±
0.24
0.18 ±
0.16
0.15 ±
0.065
0.044 ±
0.095
0.011 ±
0.04

ND

ND

0.046 ±
0.075

0.75 ± 0.55

2 ± 1.3

0.76 ± 0.4

0.94 ± 0.35

0.52 ± 0.53

1.3 ± 0.86

1.5 ± 1

1.4 ± 0.72

0.24 ± 0.1

3.3 ± 5.3

0.37 ± 0.4

0.53 ±
0.16
0.73 ±
0.46

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

2 ± 0.5

0.36 ± 0.22

0.081 ±
0.072
0.12 ±
0.08

0.011 ±
0.052
0.0043 ±
0.02

0.27 ±
0.12
0.14 ±
0.06

0.0081 ±
0.021

ND

0.011 ±
0.045

0.072 ± 0.13

ND

ND

ND

0.14 ± 0.22

0.35 ± 0.36

1.5 ± 0.73

5.9 ± 2

1.6 ± 0.47

1.8 ± 0.53

7.9 ± 10

24 ± 3.7

0.095 ±
0.057
0.11 ±
0.15

0.18 ± 0.24

11 ± 10

0.36 ±
0.096

0.038 ±
0.039
0.039 ±
0.022

0.059 ±
0.041

ND

ND

ND

ND

1.3 ± 0.64

0.13 ±
0.096

1.1 ± 1.4

0.27 ± 0.13

0.61 ± 0.42

ND

0.071 ±
0.26

0.034 ±
0.049

0.34 ±
0.25
0.071 ±
0.083

ND

ND
ND

ND

ND

ND

11MeC2
7

5.6 ±
1.5
0.53 ±
0.31
0.42 ±
0.13

0.26 ± 0.18

0.61 ± 1

1.1 ± 2.4

0.037 ±
0.036
0.047 ±
0.046

0.059 ±
0.065
0.13 ±
0.21
ND

0.13 ±
0.062
0.081 ±
0.036

ND
ND

6.5 ± 8.1

26 ± 2.3

3.9 ± 2.9

21 ± 3.7

0.57 ± 0.31

2.3 ± 0.33

0.48 ±
0.38

1.9 ± 0.49

0.35 ±
0.15

0.89 ±
0.35
0.25 ±
0.15
0.07 ±
0.046

0.76 ± 0.3

1.2 ± 0.16

0.9 ± 0.23

0.84 ± 0.16

ND

ND

ND

ND

ND

ND

ND

ND

0.79 ±
0.31
0.56 ±
0.37

0.72 ±
0.26
0.33 ±
0.32

0.75 ± 0.3

0.5 ± 0.14

0.73 ± 0.52

0.45 ± 0.3

0.62 ± 0.2

0.069 ± 0.05

ND

0.1 ± 0.18

0.73 ± 0.44

0.34 ±
0.49

0.39 ± 0.24

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.2 ±
0.14
1.3 ±
0.32
1.2 ±
0.34
13 ±
2.7
12 ±
2.9
1.2 ±
1
9.8 ±
2
12 ±
3.4
0.081
± 0.29
0.99 ±
0.35
0.23 ±
0.074
0.39 ±
0.29
0.66 ±
0.26
4.4 ±
1.7
4.8 ±
1.6

0.039 ±
0.058

ND

0.099 ±
0.17

0.53 ± 0.15

0.22 ± 0.13

ND

0.038 ±
0.12

0.25 ± 0.12

ND

0.8 ± 0.2

0.56 ± 0.18

0.84 ± 0.39

0.71 ± 0.54

1 ± 0.64

0.89 ± 0.24

1.1 ± 0.45

1.2 ± 0.5

0.85 ± 0.22

1.2 ± 0.45

1 ± 0.29

0.061 ±
0.059

0.18 ± 0.2

0.55 ± 0.3

3.2 ± 1.1

ND

0.084 ± 0.12

ND

ND

6.4 ± 3

0.14 ±
0.15
0.55 ±
0.16

0.18 ±
0.14
0.034 ±
0.11

4.9 ± 1.6
0.55 ± 0.22

0.31 ± 0.22
0.07 ± 0.067

0.0046 ±
0.02
0.0083 ±
0.025

ND

ND

0.93 ± 1.5

0.66 ± 1.1

2.9 ± 0.55

0.29 ± 0.23

0.084 ±
0.083

0.16 ± 0.12

0.053 ±
0.086

0.19 ±
0.14

3 ± 1.4

0.28 ± 0.25

19 ± 13

14 ± 5.7

15 ± 6.8

19 ± 5.4

23 ± 11

19 ± 9.4

2.7 ± 0.38

7.5 ± 3.6

0.094 ±
0.39

4.7 ± 10

0.92 ± 3.3

2.4 ± 6.6

0.9 ± 0.5

6.5 ± 11

3.8 ± 7.5

2.6 ± 0.46

1 ± 2.3

0.2 ± 0.08

0.42 ± 0.1

2.2 ± 6.9

0.33 ± 0.14

0.71 ± 0.38

0.79 ± 0.2

1.2 ± 0.31

1 ± 0.31

ND

0.52 ± 0.14

ND

ND

ND

ND

ND

ND

ND

ND

ND

6.6 ± 1.7

0.7 ± 0.48

0.35 ± 0.19

0.84 ± 0.27

0.55 ± 0.21

2 ± 2.7

0.67 ± 0.28

0.64 ± 0.37

0.5 ± 0.18

1.2 ± 0.88

1.7 ± 0.74

ND

0.82 ± 0.42

0.062 ±
0.074

0.13 ± 0.13

0.22 ± 0.19

0.36 ± 0.34

0.25 ± 0.26

0.25 ± 0.22

0.33 ± 0.24

0.45 ± 0.25

0.38 ±
0.31

ND

0.63 ± 0.33

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.17 ±
0.076

ND

ND

0.18 ± 0.13

0.39 ± 0.16

0.37 ± 0.19

0.45 ± 0.16

0.098 ±
0.11

0.1 ± 0.1

ND

ND

ND

0.64 ± 0.21

0.47 ± 0.15

2.9 ± 2.5

1.6 ± 0.51

4 ± 2.5

2 ± 1.4

1.5 ± 1

1.2 ± 0.66

2.9 ± 1.1

1.9 ± 0.57

0.65 ± 0.15

1.3 ± 0.26

0.5 ± 0.15

3.5 ± 1.3

2.7 ± 0.6

3.2 ± 1.4

1.8 ± 0.55

2.3 ± 0.97

2.1 ± 0.8

1.9 ± 0.42

1.3 ± 0.43

0.14 ± 0.05

0.83 ± 0.32

7.7 ± 1.9

13 ± 1.8

10 ± 1.3

1.5 ± 1.1

5.3 ± 1.7

6.7 ± 7.7

3.1 ± 4.8

0.092 ±
0.037
0.049 ±
0.046
ND

0.43 ± 0.21

0.044 ±
0.034

0.0055 ±
0.02
0.33 ±
0.27
0.15 ±
0.14

8.1 ± 1.7

3.5 ± 1.7

4.7 ± 2

6.5 ± 2.5

7.1 ± 3.8

6.5 ± 6.2

17 ± 6

17 ± 4.6

17 ± 6.9

14 ± 3.5

16 ± 6.3

15 ± 4.4

8.9 ± 1.6

17 ± 3.5

0.31 ± 0.38

2.9 ± 1.4

9.7 ± 3

10 ± 7.1

12 ± 7.2

2.3 ± 6.3

0.71 ± 0.27

1.9 ± 6.2

1.4 ± 0.87

2.2 ± 7.2

0.59 ± 0.51

0.72 ± 0.27

0.36 ± 0.28

0.0032 ±
0.0079

0.067 ±
0.24

0.14 ± 0.4

0.22 ±
0.26

1.4 ± 4.1

0.35 ± 0.65

0.41 ± 0.68

0.47 ± 0.55

0.36 ± 0.56

0.21 ± 0.48

0.14 ± 0.4

0.19 ± 0.26

2.8 ± 0.67

4.4 ± 1.7

9.4 ± 4.4

7 ± 1.8

11 ± 3

6.4 ± 2.2

8.4 ± 3

5.6 ± 1.6

5.6 ± 2.8

7.3 ± 1.9

6.7 ± 3

6 ± 2.4

4.9 ± 1.6

5 ± 0.96

9.7 ± 1.8

5.5 ± 1.1

2.6 ± 1.2

0.4 ± 0.38

1.9 ± 1.4

4.9 ± 1.7

7.2 ± 5.2

6.6 ± 3.9

6.4 ± 4.3

7.5 ± 2.7

4.2 ± 2

6.1 ± 2.6

9 ± 7.4

8.3 ± 6.2

3 ± 0.74

2.6 ± 0.91

3.1 ± 0.19

3.9 ± 1

0.029 ±
0.072
0.073 ±
0.041
0.13 ±
0.055
0.044 ±
0.021

0.26 ±
0.93
0.13 ±
0.14
0.16 ±
0.15
0.74 ±
0.41

0.052 ±
0.099

2.9 ± 5.6

1.1 ± 3.2

1.7 ± 3.4

0.06 ± 0.18

0.11 ± 0.19

0.66 ± 2.2

5 ± 9.1

2.5 ± 7

0.035 ±
0.15

0.039 ±
0.13

0.22 ± 0.22

0.12 ± 0.21

0.16 ± 0.14

1.1 ± 3.6

1.4 ± 3.5

0.42 ± 0.27

0.44 ± 0.21

1 ± 2.8

0.27 ± 0.21

2.2 ± 1.9

1.5 ± 0.65

0.51 ± 0.17

0.62 ± 0.3

0.035 ± 0.1

0.29 ± 0.14

0.21 ± 0.14

0.29 ± 0.25

0.15 ± 0.14

0.33 ± 0.17

0.2 ± 0.16

0.8 ± 0.56

0.6 ± 0.24

0.42 ± 0.16

0.28 ± 0.29

0.088 ±
0.12

0.14 ± 0.18

0.27 ± 0.15

0.43 ± 0.33

0.21 ± 0.27

ND

0.41 ± 0.12

0.27 ± 0.1

0.41 ± 0.23

0.9 ± 0.4

0.76 ± 0.26

1.3 ± 0.48

0.94 ± 0.27

0.8 ± 0.39

0.46 ± 0.17

0.69 ± 0.29

0.77 ± 0.36

0.63 ± 0.45

0.39 ± 0.2

0.21 ± 0.16

0.083 ±
0.085
0.043 ±
0.1
0.43 ±
0.75
0.71 ±
0.23

2 ± 0.53

0.6 ± 0.28

0.057 ±
0.07
0.095 ±
0.13

0.37 ± 0.092

0.73 ± 0.2

7.2 ± 1.2

5.3 ± 0.87

3.7 ± 0.89

1.4 ± 0.58

8.2 ± 1.5

1.3 ± 0.61

1.9 ± 0.48

0.86 ± 0.18

0.93 ±
0.35

0.55 ±
0.27
0.25 ±
0.13

8.4 ± 6.6

15 ± 3.1

16 ± 0.18

5 ± 1.4

15 ± 1.5

5.1 ± 1.9

3.3 ± 1.1

11 ± 5.6

2.6 ± 0.86

5 ± 2.2

0.69 ± 0.62

5.8 ± 1.6

0.78 ± 0.89

0.11 ± 0.091

0.7 ± 1.8

0.19 ±
0.24

0.96 ± 1.7

0.49 ± 0.38

0.56 ± 1.3

0.5 ± 0.37

0.0013 ±
0.0041

0.18 ±
0.25
0.023 ±
0.056

8.8 ± 3.3

8.3 ± 2.3

7.7 ± 1.3

2.5 ± 0.69

7.1 ± 1.6

5 ± 2.2

3.4 ± 2.7

3.6 ± 2.4

5.2 ± 3.3

1.8 ± 0.8

13 ± 2.9

1.8 ± 1.4

18 ± 4.6

2.1 ± 0.96

0.26 ± 0.14

1.3 ± 2.9

0.032 ±
0.079

ND

0.3 ± 0.2

ND

0.3 ± 0.29

ND

0.2 ± 0.16

1.6 ± 0.3

0.19 ± 0.21

2.3 ± 0.38

0.22 ± 0.21

0.081 ± 0.05

0.88 ± 0.68

0.09 ± 0.11

1 ± 0.4

2 ± 1.4

0.14 ± 0.28

1.3 ± 1.4

0.096 ±
0.11
0.079 ±
0.14

0.099 ±
0.093
0.058 ±
0.045

0.99 ± 0.65

0.18 ± 0.12

0.53 ±
0.18

0.33 ± 0.15

0.43 ± 0.39

1.2 ± 0.51

7.6 ± 1.6

1.5 ± 0.88

1.5 ± 0.61

1.4 ± 0.5

2.5 ± 0.62

1.2 ± 0.24

7.4 ± 12

8.6 ± 7.2

6.3 ± 5.4

5.2 ± 4.9

2.2 ± 0.9

1.2 ± 0.37

0.97 ± 1.2

1.8 ± 0.53

3.3 ± 1.5

2.3 ± 1.4

0.84 ± 0.29

2.7 ± 1.2

0.28 ± 0.3

0.14 ± 0.084

0.25 ±
0.11

0.8 ± 0.26

0.15 ± 0.17

11 ± 13

11 ± 12

8 ± 6.7

8.9 ± 7.2

0.5 ± 0.85

0.3 ± 0.46

0.17 ± 0.3

0.71 ± 0.81

0.18 ± 0.38

0.33 ± 0.46

0.26 ± 0.57

0.73 ± 1.5

0.95 ±
0.43

0.066 ±
0.094

ND

ND

3 ± 1.4

0.1 ± 0.16

0.039 ±
0.045
0.0087 ±
0.028

0.02 ±
0.066
0.069 ±
0.14

1.1 ± 0.62

0.72 ±
0.31
0.18 ±
0.12
0.46 ± 0.2
0.48 ± 0.3

0.13 ±
0.093
0.65 ±
0.26
0.63 ±
0.83

4.5 ± 3.3

15 ± 2.2

8.6 ± 3.1

5.4 ± 2.1

8.7 ± 1.7

2.1 ± 0.86

1.3 ± 1.7

2.4 ± 0.74

0.8 ± 0.75

2.8 ± 4.9

1.3 ± 0.5

3 ± 2.3

0.36 ±
0.84

0.48 ± 1.7

0.9 ± 1.6

0.07 ± 0.13

1.1 ± 1.3

0.12 ± 0.26

2.1 ± 1.5

2.3 ± 1

1.3 ± 1.8

0.21 ± 0.22

0.39 ±
0.58

0.74 ± 0.5

0.88 ± 0.84

4.5 ± 2.5

4.6 ± 2.1

8.8 ± 3.8

0.55 ± 0.43

13 ± 2.7

1.1 ± 0.52

0.32 ± 0.11

1.3 ± 0.64

0.19 ± 0.11

1.4 ± 0.12

0.28 ± 0.16

0.14 ± 0.082

0.061 ±
0.089
0.073 ±
0.095
0.074 ±
0.15

0.43 ±
0.37
0.016 ±
0.042
0.094 ±
0.054
0.13 ±
0.061
0.082 ±
0.049
0.49 ±
0.38

11,13M
eC31

2±
0.68
0.18 ±
0.64
1.8 ±
1
7.9 ±
2

7MeC31

ND

1.2 ± 4

ND

DiMeC3
1
DiMeC3
1
DiMeC3
1

0.85 ±
0.34
0.5 ±
0.23
0.36 ±
0.18
0.41 ±
0.34
ND

0.62 ±
0.38
0.74 ±
0.59
0.45 ±
0.45

0.53 ±
0.35
0.72 ±
0.56
0.82 ±
0.42

1.8 ± 0.91

0.17 ± 0.22

1.3 ± 0.17

0.083 ±
0.13

0.078 ±
0.038

0.063 ±
0.043
0.0061 ±
0.022
0.87 ±
0.75
0.45 ±
0.15
0.17 ±
0.06
0.15 ±
0.043

0.45 ± 0.77

ND

0.67 ± 0.4

0.092 ± 0.2

ND

ND

0.24 ± 0.41

ND

ND

0.007 ±
0.015

1.7 ± 2.4

17 ± 3.1

0.27 ± 0.31

ND

ND

0.27 ± 0.16

0.18 ±

0.18 ±

ND

ND

ND

ND

0.04 ±
0.044
0.44 ±
0.25
ND

C33:1

0.46 ± 0.27

ND

ND

MeC32

0.33 ± 0.21

ND

ND

C31

0.75 ± 0.35

9.4 ± 2.3

ND

Unknow
n

0.7 ± 0.31

6.9 ± 1.1

ND

C31:1

0.6 ± 0.41

13 ± 2.3

ND

C31:1

0.47 ± 0.22

14 ± 3.4

Alkyne

C31:1

0.097 ±
0.049

0.12 ± 0.21

0.09 ±
0.049
0.19 ±
0.17
0.31 ±
0.19

5.4 ± 2.2

ND

2MeC31

0.098 ±
0.086

4.7 ± 1.6

ND

C30

0.2 ± 0.19

9.8 ± 3.5

ND

3MeC29

0.16 ± 0.18

14 ± 4

ND

5MeC29

0.81 ± 0.16

8±3

ND

7MeC29

0.11 ±
0.037

12 ± 4.9

ND

9MeC29

ND

1.5 ± 0.54

ND

11,13M
eC29

0.75 ±
0.37

1.8 ± 0.68

0.035 ±
0.044

C29

0.67 ± 0.3

1.7 ± 0.76

ND

C29:1

0.23 ± 0.16

1.4 ± 0.46

Alkyne

2MeC29

0.099 ±
0.082

3.2 ± 1.3

ND

C29:2

0.16 ± 0.095

11 ± 1.5

ND

MeC28

0.054 ±
0.053

2.1 ± 0.78

ND

C28

0.035 ±
0.036

1.5 ± 0.72

ND

C28:1

0.019 ±
0.038

10 ± 4.8

ND

C28:1

0.043 ±
0.033

1.1 ± 0.85

ND

C28:1

0.044 ±
0.044

10 ± 2.7

ND

3MeC27

0.00074 ±
0.0034

2.2 ± 1.4

ND

C28:2

ND

2.8 ± 0.96

ND

5MeC27

ND

6.5 ± 2.2

Alkyne

7MeC27

0.27 ±
0.092

0.47 ±
0.27
0.077 ±
0.14
ND

0.11 ± 0.13
0.18 ± 0.23
0.2 ± 0.13
0.5 ± 0.28

0.35 ± 0.15

0.13 ± 0.086
0.73 ± 0.21

0.73 ±
0.31
0.42 ±
0.21

0.23 ±
0.12
0.75 ±
0.28

0.74 ±
0.33
0.38 ±
0.44

0.01 ±
0.027
0.18 ±
0.088
0.051 ±
0.13

ND

8.4 ± 9.9

10 ± 11

3.3 ± 5.6

5.5 ± 7

0.22 ± 0.24

0.49 ± 0.46

0.054 ± 0.13

1.2 ± 1.4

0.11 ± 0.18

0.067 ±
0.15

0.0091 ±
0.03

0.065 ± 0.1

4.4 ± 9.6

2.7 ± 1.3

1.7 ± 0.92

2.3 ± 2.2

0.35 ± 0.41

0.25 ± 0.16

0.078 ± 0.12

0.32 ± 0.18

0.37 ± 0.43

0.3 ± 0.38

ND

0.16 ± 0.4

2.5 ± 4

0.81 ± 2.1

0.11 ±
0.48

0.61 ± 1.4

0.27 ± 0.55

0.19 ± 0.48

0.043 ± 0.14

0.54 ± 1.3

0.097 ±
0.25

0.11 ± 0.31

0.044 ± 0.1

ND

ND

ND

0.37 ± 0.26

0.56 ± 0.45

5.2 ± 6

3.3 ± 1

3 ± 1.5

2.3 ± 1.2

0.81 ± 0.72

1 ± 0.65

0.42 ± 0.3

1.8 ± 1.5

0.61 ± 0.55

0.61 ± 0.41

0.17 ± 0.14

0.6 ± 0.89

1.8 ± 0.51

0.96 ± 0.26

0.69 ± 0.23

0.64 ± 0.4

4.7 ± 5.3

10 ± 4

7.5 ± 4

6.5 ± 3.5

3 ± 2.9

2.4 ± 0.87

0.55 ± 0.4

3.7 ± 2.7

4.3 ± 3.2

3.1 ± 2.6

0.26 ± 0.15

0.41 ± 0.3

2 ± 0.31

1.3 ± 0.25

4.9 ± 7.5

1.5 ± 4

2.1 ± 4.3

1.2 ± 2.1

0.4 ± 0.55

0.28 ± 0.15

0.047 ±
0.082

0.77 ± 1.8

0.73 ± 0.27

0.5 ± 0.19

ND

ND

0.12 ± 0.18

0.2 ± 0.08

2.1 ± 1.7

1.7 ± 1

5 ± 2.4

3.9 ± 1.7

1.6 ± 1.5

1.5 ± 0.86

0.45 ± 0.31

3.6 ± 2.1

1.8 ± 1.2

0.95 ± 0.93

ND

ND

0.41 ± 0.12

0.35 ± 0.16

0.51 ± 0.4

0.1 ± 0.2

0.28 ± 0.18

0.48 ± 0.3

0.4 ± 0.17

ND

ND

0.4 ± 0.25

0.083 ±
0.068

0.071 ±
0.072
0.047 ±
0.071
ND

0.023 ±
0.039
0.036 ±
0.066
0.0021 ±

0.25 ± 0.23

0.093 ± 0.1

ND

ND

0.14 ± 0.063

ND

0.11 ± 0.096

0.1 ± 0.11

ND

ND

0.44 ± 0.14

0.24 ± 0.1

0.012 ±

ND

ND

ND

1.2 ± 0.26

0.15 ±

0.23 ± 0.15
0.36 ± 0.16

0.034 ±
0.056
0.053 ±
0.034

ND

ND

0.98 ±
0.59

0.35 ± 0.36

0.2 ± 0.19

0.15 ± 0.18

0.27 ± 0.38

ND

0.029 ±
0.047

0.7 ± 0.98

0.81 ± 0.35

0.47 ±
0.19

0.48 ± 0.17

0.2 ± 0.26

0.25 ± 0.16

0.21 ± 0.1

5.8 ± 6.3

0.78 ± 0.33

0.5 ± 0.37

0.53 ± 0.2

0.15 ± 0.19

ND

ND

5.7 ± 2.7

1.3 ± 0.72

0.48 ±

0.37 ± 0.18

ND
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0.043 ±
0.062
0.063 ±
0.071
0.0061 ±

83
84
85
86
87
88
89
90
91
92

8

0.32

3300.18
5
3328.53
7
3351.70
7
3360.24
6
3464.45
5
3490.22
8

0.19 ±
0.17

1.1 ± 0.67

ND

1.3 ± 0.78

1.6 ± 1.2

1.2 ± 0.94

DiMeC3
3
DiMeC3
3

0.63 ±
0.4
0.2 ±
0.21
0.18 ±
0.22

ND

1 ± 1.1

1 ± 0.65

C35:1

ND

C35

ND

3529.92

MeC35

ND

3556.73
2
3558.81
9
3649.39
9

diMeC3
5
diMeC3
5
MeC36

C33
MeC33

ND

0.39

0.98
ND

ND

ND

0.045 ±
0.043

0.024 ±
0.037
0.37 ±
0.22

0.042 ±
0.025

0.0086 ±
0.0095

0.47 ±
0.38

0.2 ± 0.17

0.16 ±
0.19

0.19 ± 0.11

0.35 ± 0.27

2.6 ± 1.8

2.2 ± 0.93

0.13 ± 0.14

0.019 ±
0.036

0.018 ±
0.027

1.9 ± 0.74

2.4 ± 0.92

0.76 ± 1

0.41 ± 0.26

ND

ND

1.3 ± 1.4

1.3 ± 0.68

2.5 ± 1.2

2.7 ± 1

0.37 ± 0.47

ND

ND

1.4 ± 0.84

0.6 ± 0.36

0.056 ±
0.24

0.2 ± 0.83

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.096 ±
0.24
0.062 ±
0.15

0.45 ±
0.36
0.72 ±
0.54
0.65 ±
0.78

1.9 ± 1

0.15 ± 0.19

0.22 ± 0.22

1.1 ± 0.87

ND

ND

0.073 ±
0.13

0.05 ±
0.063
0.011 ±
0.035
0.056 ±
0.085

0.12 ±
0.26

0.16 ± 0.28

ND

1.9 ± 1.6

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.41 ±
0.48
0.52 ±
0.56

ND

ND

ND

0.16 ± 0.36

0.18 ±
0.35

0.19 ±
0.15
0.62 ±
0.42

ND

ND

ND

0.074 ± 0.16

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.0057 ±
0.014

ND

ND

ND

ND

ND

ND

0.0047 ±
0.017

ND

ND

0.43 ±
0.33
0.72 ±
0.38
0.21 ±
0.45

0.18 ±
0.36
0.16 ±
0.32

ND
0.0052 ±
0.019
0.02 ±
0.052
ND
0.32 ±
0.28
0.18 ±
0.17

ND
ND

0.0071
0.033 ±
0.074

ND
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0.045

0.025

0.095

0.081 ± 0.1

0.059 ±
0.09

0.042 ±
0.062

ND

0.14 ± 0.2

0.56 ± 0.45

0.38 ± 0.27

0.43 ± 0.21

0.0014 ±
0.0059

0.21 ±
0.65
0.018 ±
0.029

0.069 ±
0.17

ND

0.52 ± 0.32

0.49 ± 0.53

0.3 ± 0.35

ND

0.2 ± 0.31

0.19 ± 0.23

0.12 ± 0.17

0.15 ± 0.15

0.13 ± 0.2

0.31 ± 0.38

ND

ND

ND

ND

ND

ND

ND

0.023 ±
0.048

ND

ND

ND

ND

0.19 ± 0.19

0.45 ±
0.22

0.6 ± 0.26

0.087 ±
0.17

0.0095 ±
0.021

0.54 ± 0.45

1.8 ± 1.1

2.7 ± 1.1

0.24 ± 0.31

0.022 ±
0.051
0.014 ±
0.037

0.87 ± 0.35

ND

0.26 ± 0.22

ND

0.37 ± 0.3
ND

0.68 ±
0.29
0.21 ±
0.15

ND

ND

0.29 ± 0.13

0.17 ±
0.078

ND

ND

ND

0.0031 ±
0.013

0.026 ±
0.043

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.074 ±
0.071

0.015 ±
0.044

0.045 ±
0.078

ND

ND

ND

ND

0.084 ± 0.12

0.17 ± 0.17

0.24 ± 0.29

0.13 ± 0.2

ND

ND

ND

0.052 ±
0.02

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

2566
2571
2578
2599
2631
2663
2673
2681
2693
2701
2713
2716
2721
2732
2740
2749
2771
2772
2778
2783
2787
2800
2830
2864
2875
2891
2901
2930
2936
2939
2949
2973
3000
3063
3077
3082
3091
3099
3101
3129

9,XDiMeC25
3MeC25
C26:1
C26
10,12MeC26
2MeC27
C27:1
C27:1
C27:1
C27
Alkyne
Alkyne
Alkyne
11MeC27
7MeC27
5MeC27
C28:2
3MeC27
C28:1
C28:1
C28:1
C28
MeC28
C29:2
2MeC29
C29:1
C29
11,13MeC29
9MeC29
7MeC29
5MeC29
3MeC29
C30
2MeC31
C31:1
C31:1
C31:1
Unknown
C31
11,13MeC31

-0.121
-0.158
-0.169
-0.166
-0.052
0.022
0.106
-0.098
-0.145
-0.029
0.162
0.159
0.132
-0.041
0.129
-0.172
0.155
-0.162
-0.166
-0.137
-0.171
-0.123
-0.163
0.131
-0.097
0.039
0.156
-0.018
0.061
-0.136
0.166
-0.167
-0.097
0.138
0.156
0.167
0.156
0.151
0.160

-0.159
-0.157
-0.156
-0.029
-0.148
-0.166
-0.167
-0.166
-0.154
-0.148
-0.136
-0.164
-0.163
-0.143
-0.164
-0.119
-0.147
0.009
-0.148
-0.139
-0.166
-0.120
0.039
-0.163
-0.057
-0.021
-0.043
-0.156
0.065
-0.105
-0.146
0.027
-0.107
0.003
0.083
-0.080

-0.027
-0.010
-0.037
-0.011
-0.013
-0.015
-0.018
-0.021
0.053
-0.015
-0.007
-0.009
-0.040
0.066
0.026
0.011
0.019
0.210
0.058
-0.001
-0.030
-0.003
0.162
-0.004
0.001
0.045
0.163
-0.002
0.156
0.049
0.023
-0.014
0.006
0.002
0.097
0.128

-0.025
0.004
0.026
-0.163
-0.038
0.022
-0.013
-0.035
0.100
0.015
0.026
-0.023
-0.049
0.007
-0.025
0.016
-0.007
0.253
-0.064
0.096
0.013
0.001
0.279
-0.032
0.026
0.011
0.211
-0.003
0.234
0.163
-0.066
0.006
-0.082
0.044
0.155
0.101

0.007
0.022
0.016
-0.132
0.053
-0.003
0.006
0.012
-0.040
0.015
0.016
0.011
0.001
0.059
0.007
0.035
0.035
0.043
0.062
0.033
-0.002
0.024
0.044
-0.002
-0.065
0.046
0.043
0.042
0.073
0.158
0.044
-0.090
-0.032
-0.125
0.134
-0.084

0.163
0.159
0.168
0.030
0.121
0.082
0.158
0.168
0.170
0.173
0.172
0.099
0.086
0.095
0.125
0.023
-0.024
-0.163
-0.151
0.079
-0.130
-0.167
0.121
-0.156
-0.167
-0.134
-0.128
-0.172
-0.170
-0.157
-0.177
-0.072
-0.006
-0.176

0.048
0.004
-0.063
0.103
0.069
0.063
-0.029
-0.021
-0.075
-0.051
-0.091
-0.163
-0.270
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Figure S1. Asymmetry in WIPs represented by mean principal component (PC1) values for
Chrysomya species (based on the blowfly dataset). A) female colour, B) female contrast, C)
male colour, D) male contrast.
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Figure S2. Asymmetry in WIPs represented by mean principal components (PC1) for
Chrysomya species (based on the CIELab dataset). A) female colour, B) female contrast, C)
male colour, D) male contrast.
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Fig S3. Quantitative differences in the wing interference patterns (WIP) of male (M) and female
(F) Australian Chrysomya represented by discriminant factors 1 (DF1) and 2 (DF2). Results
are from a redundancy discriminant analysis of WIP colour (as represented by average
measurements of L, A and B values) and WIP colour contrast (as represented by standard
deviations in L, A and B values). All measurements were made in CIELab ‘human visual space’
using the Multispectral Image Analysis and Calibration Toolbox for ImageJ (MICA toolbox)
(Troscianko et al. 2019).
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Figure S4. PCA plots of sex-specific differences in the CIELab average colour of WIPs (mean
L, A and B values). The blue dots and ellipses represent males, while red dots and ellipses
represent females.
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Figure S5. PCA plots of sex-specific differences in the CIELab average colour contrast of WIPs
(mean L, A and B values). The blue dots and ellipses represent males, while red dots and
ellipses represent females.
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Appendix IV: Supplementary material associated with Chapter 6
Supplementary material 1. Video footage of the courtship behavior of Chrysomya
flavifrons in the laboratory and field.
https://youtu.be/5e46oWybTOg
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